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ABSTRACT

A bilayer of V|, 44Ny 51/V(.56No .44 has been grown epitaxially on MgO(001) by reactive high-power pulsed magnetron sputtering in
an industrial-scale deposition system at a temperature of 400°C, and it is demonstrated that the defect structure and interfacial
strain are governed by the N concentration. Based on the lattice mismatch between MgO and V,,,N,5 with V vacancies, an
interfacial strain of —2.3(1)% is expected. From ab initio calculations, X-ray diffraction, and transmission electron microscopy
data, it is inferred that the V, 4N, 5 layer exhibits V vacancies, N Frenkel pairs, and a high dislocation density of ~0.20 nm=2,
causing an interfacial strain of —1.4(5)% at the MgO/V,, 4N, 5; interface. The phase formation of understoichiometric V5N 44 iS
governed by N vacancy formation, while the dislocation density is reduced to ~0.04 nm~2 at the V44N 5;/V 5sNp 44 interface and
to < 0.01 nm~2 within VN, 4, at a distance of ~35 nm from the interface. Based on ab initio calculations, a strain of —1.7(6)%
is predicted at the V|, 44N 5,/V56No.4s interface in very good agreement with the experimentally obtained value of —1.6(8)%. It is
evident that control of the N concentration allows for the design of layered architectures with well-defined strained interfaces and
tailored defect structures.

1 | Introduction The mechanical properties of such epitaxially grown films with
single-crystalline microstructure are governed by the compo-

Transition metal nitrides are widely used as protective, func- sition. Reduction of N from 50 to 40 at.% in TiN caused

tional, or decorative thin films due to the mixture of covalent,
ionic, and metallic bonds [1]. Well-studied examples are TiN as
well as VN, which exhibit a face-centered cubic crystal struc-
ture (NaCl prototype, space group Fm3m). While TiN synthesis
consisted of annealing transition metal oxides at temperatures
well above 1200°C in N-containing atmosphere 100 years ago
[2], physical vapor deposition processes became popular in the
1970s [3]. The first stoichiometric single-crystalline TiN thin
films were synthesized in 1985, pioneering epitaxial growth on
MgO substrates at temperatures > 525°C with dc magnetron
sputtering [4].

enhancement of the hardness from 20 + 2 to 30 + 2 GPa, while
the elastic modulus was lowered from 430 + 30 to 330 + 20 GPa
[5]. The reduction of elastic modulus can be understood based on
the occupation of metallic bonding states in TiN, caused by the
presence of N vacancies [6]. Vacancy hardening was suggested to
originate from variations in the local bond environment as well
as limited dislocation mobility [5]. Recently, N vacancy pinning
effects at the dislocation core were predicted [7].

In contrast to TiN, enhancement of both hardness as well
as elastic modulus was found in understoichiometric VN. N
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concentrations of 50 and 44 at.% resulted in hardness values of
14 + 1 and 17 + 1 GPa, respectively [8], and the elastic modulus
increased from 400 =+ 25 to 444 + 24 GPa, when the N content was
reduced from 49 + 1to 44 +1at.% [9]. This anomalous increase in
elastic modulus was explained by the elastic anisotropy and bond
strengthening in VN, since vacancy-induced softening, predicted
for the [001] direction, is overcompensated by strengthening
along [011] and [111] directions [9]. Moreover, the fracture tough-
ness has been qualitatively assessed via nanoindentation, and it
was shown that understoichiometric V,, 5xN; 4, is more resistant
to fracture than stoichiometric V 5,Ny 5 [8].

Epitaxial growth has been utilized for the synthesis of single-
crystalline superlattices with strained interfaces due to the lattice
mismatch of different transition metal nitrides. For TiN/VN
superlattices with a bilayer period of ~5.2 nm (and individual
layer thicknesses of ~2.6 nm), a hardness value > 50 GPa
has been reported, while single-crystalline monolithic TiN and
VN films had a hardness of < 25 GPa [10]. Recent atomic-
scale investigations of single-crystalline TiN/AIN superlattices
revealed that strengthening is governed by the accumulation and
crossing of dislocations at the interfaces [11].

Motivated by the strengthening effect in superlattices described
above, many additional studies were conducted with com-
binations of different transition metal nitrides (and varying
stoichiometries) such as ZrN/AIN [12], TiN/NbN [13], CrN/AIN
[14], TiN/CrN [15], NbN/MoN [16], TiN/WN [17], and MoN/TaN
[18]. However, the design of layered nitrides based on only
one transition metal and varying N concentration has been
overlooked so far. In case of a Cr/CrN architecture, a 20 nm thin,
compressively stressed Cr,N transition layer was identified [19]. It
can be expected that control of the chemical composition enables
the materials design of layered nitrides with variations in the
defect structure, which in turn affect the materials properties.
Moreover, separate contributions of gradients from variations of
the atomic distance as well as the composition might be expected
at the interfaces [20]. The employment of only one transition
metal is chemically simple and therefore, from a recycling point
of view, also more sustainable than combining different transition
metals [21].

In the present work, an epitaxial VN(001) bilayer film was grown
on MgO(001), using reactive high-power pulsed magnetron sput-
tering (HPPMS) [22] in an industrial-scale deposition system.
The bilayer consists of ~#45 nm overstoichiometric V|, 44N5 as
well as ~110 nm understoichiometric V54N, 4. From ab initio
calculations, X-ray diffraction (XRD), and transmission electron
microscopy (TEM), it is inferred that the V|, 44N 5; layer exhibits V
vacancies, N Frenkel pairs, and a high dislocation density, while
the density of dislocations in the V 5xN 4, layer with N vacancies
isreduced by two orders of magnitude. Based on these results, it is
evident that control of the N concentration allows for the design
of layered architectures with well-defined strained interfaces and
tailored defect structures.

2 | Results and Discussion

2.1 | Reactive Synthesis of the Bilayer

VN bilayer films were grown onto MgO(001) and glassy C at
400°C in an industrial-scale deposition system using reactive

HPPMS. In order to tune the stoichiometry, different gas supply
systems of N, were employed, as schematically shown in Figure 1.
The first layer was intended to be overstoichiometric (N concen-
tration > 50 at.%), and N, gas was provided through the central
gas inlet of the deposition system, Figure 1a. The second layer was
intended to be understoichiometric (N concentration < 50 at.%),
and N, was introduced through a different inlet (referred to as
gas shower in the following) placed at one end of the V sputtering
target, Figure 1b [23].

Representative waveforms of target voltage and current during
HPPMS discharges are displayed in Figure 1c and Figure 1d,
respectively. The voltages during pulses at the V sputtering target
were —655 and —620 V, while peak target currents were 198 and
200 A, respectively. Consequently, the peak target powers were
~130 and ~124 kW, while the peak target power densities were
295 and 282 W cm™2. Despite very similar power values, the
deposition rate during growth with the gas shower was 3.1 A s
and, thus, ~29% higher compared to the deposition rate of 2.4
A s7'in the case of employing the central gas inlet. Deposition
rates during reactive sputtering are significantly influenced by the
metal nitride compound, which is formed at the target surface
[24]. The partial pressure of N, gas was with 0.02 Pa, substantially
smaller for the gas shower setup, compared to 0.10 Pa for the
central gas inlet. Consequently, employment of a local N, gas inlet
exhibits tremendous potential for savings of materials and energy,
as the N, consumption was reduced by 80% and the deposition
rate increased by 29%.

2.2 | VN Bilayer Composition and Compositional
Gradient of V 49N 51/V(.56No.44 Interface

The chemical composition of the films, synthesized on glassy C,
was studied by Rutherford backscattering spectrometry (RBS),
and the overstoichiometric layer exhibited a N concentration of
51 + 2 at.%, independent of the position of the substrates on the
holder. The compositional gradient in the second layer, induced
by the N, supply from the gas shower, ranged from 50 + 1 to
44 + 1 at.% at distances from the gas shower inlet of ~8 to
~20 cm, respectively. The RBS spectrum of the VN bilayer film
with the largest differences in N concentration is presented in
Figure 2, and the experimental data are in very good agreement
with a simulation of V, 40N 5, for the overstoichiometric layer and
V56No.44 for the understoichiometric layer. This variation of the
chemical composition is also detected in the V signal, but not
discernible due to the logarithmic scale. In addition, O and Na
impurities were identified in the glassy C substrate. O impurities
within the bilayer were analyzed by time-of-flight elastic recoil
detection analysis, and the O content decreased rapidly from ~20
at.% at the surface to < 0.4 at.% within the first %10 nm depth
from the surface. All of the following analyses pertain to this
V0.49No.51/Vo.56No.a4 bilayer.

The compositional gradient at the V, 44N 5,/V(56Np4s interface
was studied spatially-resolved at the nanometer scale using atom
probe tomography (APT), Figure 3. An atom probe specimen
was prepared from the VN bilayer, grown on MgO(001), and
the reconstructions of V and N atomic positions are shown in
Figure 3a,b, respectively. A higher N content in the V44N
layer is emphasized by the overlay of both species, Figure 3c,
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FIGURE 1 | Schematic representation of the synthesis strategy. (a) Homogeneous growth of the overstoichiometric layer using the central gas inlet.
(b) Growth of the understoichiometric layer using an inlet placed at one end of the sputtering target (gas shower), which results in a composition gradient
along the substrate holder [23]. (c) Target voltage and (d) target current waveforms recorded during discharges using the central gas inlet as well as the
gas shower.
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FIGURE 2 | Rutherford backscattering spectrum of the VN bilayer, grown on glassy C. (a) Overview with experimental data shown in black,
while simulations for C, N, V, O, and Na are red, blue, gold, cyan, and magenta, respectively, while the total simulation fit is represented in orange.

(b) Magnification of the N signal.

and the distance of 0 nm corresponds to the V4oNg5/Vjs6Ngas
interface. The composition profile in Figure 3d is extracted from
the cylindrical region, indicated in Figure 3c. While a constant N
content of 48 + 1 at.% is detected in the V, ,N,, layer, a steep
decrease to 45 + 1 at.% can be observed at the interface within a
distance of ~10 nm. The measured N content of the V, 5cN 44 layer

exhibits a further decrease to 43 + 1 at.%. Hence, the N reduction
of 5 + 1 at.%, measured with APT, is consistent with the 7 + 2 at.%
reduction, obtained from RBS.

Comparing the quantitative APT data to the composition from
RBS, an underestimation of the N content up to 3 at.% is
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FIGURE 3 | Atom probe analysis of the V(49N s1/V(ssNo.4s interface. (a) Reconstruction of atomic positions of V. (b) Reconstruction of atomic
positions of N. (c) Overlay of atomic positions of V (gold) and N (blue). The horizontal distance scale in panels (a—c) is identical to the vertical distance
scale and not shown to enhance readability. (d) Composition profile from the cylindrical region (cylinder diameter of 20 nm), which is indicated in (c).
The distance of 0 nm corresponds to the Vi 49Nq 51/V( 56No.44 interface. (e) Mass spectrum.
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FIGURE 4 | Phase formation of the VN bilayer. (a) Diffractogram of the MgO(001) substrate and (b) of the VN bilayer, grown on MgO(001).
(c) Evolution of lattice parameters (left axis) and the relative lattice mismatch with respect to MgO (right axis) as a function of N concentration, predicted
by ab initio calculations (circles and triangles) and measured experimentally (squares). Configurations with vacancies only are represented by solid black

circles, and triangles are interpolated values, while the golden and blue circles correspond to configurations with vacancies as well as V and N Frenkel

pairs, respectively. Dashed lines are intended as a guide for the eye. Experimental lattice parameters for V() 4Ng 5; and V() s¢ N 44 are shown as half-filled
squares and were obtained by application of Pseudo-Voigt fitting functions to XRD data in (b). The reference line of MgO is from the International Centre
for Diffraction Data (ICDD, 00-045-0946), and reference lines of V(49N 51 and V( 54Ng 44 in (b) are from interpolation of DFT data with vacancies only

(triangles) in (c).

obvious. This discrepancy can be understood by dissociation of
N-containing molecular ions, causing the formation of neutral
fragments [25]. The mass spectrum is shown in Figure 3e, and
dissociation of N,* (at 28 Da) as well as VN?* (at 32.5 Da) is likely
to result in the formation of neutral N fragments, which cannot
be detected. Furthermore, O and C impurities with average
contents < 0.3 at.% can be observed without any dependence
from the individual V4, Ny5 and VN4, layers or from the
Vi.49No.51/Vo.56No 44 interface.

2.3 | Formation of Vacancies and Frenkel Pairs

Diffractograms of the uncoated MgO(001) substrate together with
the VN bilayer, grown on MgO(001), as well as experimental
and predicted lattice parameters, based on ab initio calculations,
are presented in Figure 4. The peak from the MgO substrate is
in excellent agreement with the reference line at 26 = 43.03°,
Figure 4a, corresponding to a lattice parameter of 4199 A. The
diffraction signal from the VN bilayer contains contributions of
V.49Nos and Vi 5Ng44 as revealed by the peak deconvolution,
Figure 4b.

The V4N 5 layer exhibits an experimental lattice parameter of
4.159 A, derived from the position of the deconvoluted peak at 28

=43.47° (mismatch of -0.9(5)% with respect to the MgO substrate).
Considering only the incorporation of V vacancies in V44N, a
lattice parameter of 4.102 A is predicted from density functional
theory (DFT) data (mismatch of —2.3(1)% with respect to the
MgO substrate), Figure 4c. Hence, the predicted lattice parameter
of 4.102 A, based on V vacancies only, exhibits a deviation of
—1.3(7)% from the experimental lattice parameter of 4.159 A.
However, when the formation of an N Frenkel pair is considered
in addition to two V vacancies (Frenkel pair concentration
of 1.6%), DFT calculations yield an increased average lattice
parameter of 4.138 A (—1.4(5)% mismatch with MgO) compared
to the prediction based on V vacancies only. The predicted lattice
parameter of 4.138 A for an N Frenkel pair and two V vacancies is
in very good agreement with the experimental lattice parameter
of 4.159 A for V,, ;4N 5, since the deviation is < 0.6%.

The formation energy of Frenkel pairs was obtained by comparing
the total energy of a Frenkel pair-containing configuration with a
perfect lattice (stoichiometric V;,N5,) or a lattice with V vacancies
(overstoichiometric V;, N3, and V,4Nj,) counterpart. For stoichio-
metric V3,N;,, the formation energies of V and N Frenkel pairs are
in the ranges of 4.6-4.7 and 4.5-4.7 eV, respectively. Despite the
positive formation energies, the recombination of such Frenkel
pairs, formed during ion bombardment [26], is kinetically con-
strained. However, in the case of overstoichiometric V;,N;, and
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VN3, supercells, V Frenkel pairs recombine spontaneously. In
contrast, N Frenkel pairs, which were found to persist in V;,N3,,
remain also persistent in overstoichiometric systems, while the
formation energies are increased to 4.8-5.0 and 5.8-5.9 eV in
V50N, and VN3, cells, respectively. These formation energies
of Frenkel pairs in VN are lower than in V,;Al,sN, which were
7.9 eV for V Frenkel pairs and 6.5 eV for N Frenkel pairs [26].
Based on the combination of DFT and XRD data, it is inferred
that the V44N, 5; layer contains V vacancies as well as N Frenkel
pairs, causing the increase of the lattice parameter as observed
experimentally.

The peak position of V Ny, at 26 = 44.25° results in a
lattice parameter of 4.089 A, Figure 4b. This experimental
lattice parameter is in very good agreement with the DFT data,
accommodating the N understoichiometry by N vacancies. The
predicted lattice parameter, based on N vacancies, corresponds
to 4.065 A, and the deviation from the experimental value of
4.089 A is < 0.6%, Figure 4c. Hence, the phase formation of
Vi56No.44 is governed by N vacancies based on the combination
of ab initio and XRD data. Lattice parameters from ab initio
calculations are 4.138 A for V,,N,s5, accommodating the N
overstoichiometry by V vacancies and an N Frenkel pair, and
4.065 A for V, 5N, 44, accommodating the N understoichiometry
by N vacancies (-1.7(6)% strain at the V,,4Ng5/VssNg4, inter-
face). Corresponding experimental lattice parameters are 4.159
and 4.089 A, respectively (1.6(8)% interfacial strain).

2.4 | Epitaxial Growth

The structure of the VN bilayer has been further investigated by
TEM, as shown in Figure 5. An overview is shown in Figure 5a,
and the individual V, 40N, 5; and V, ssN 4, layers with thicknesses
of ~45 and ~110 nm, respectively, can be clearly identified. The
strong diffraction contrast differences originate from dislocations
and local distortions. Compositional differences are highlighted
by analysis of near-edge fine structures, Figure 5b, and the
signal is in good agreement with data from VN [27]. Compared
to the V,,Ny5 layer, the N-K absorption edge of V(5N .4
reveals significant N deficiency at ~410 eV. The second peak of
the corresponding N-K edge slightly broadens and decreases in
intensity, which can be explained by the formation of N vacan-
cies [28]. Heteroepitaxial growth of V, 4,N,s on the MgO(001)
substrate is demonstrated with the high-resolution TEM image
in Figure 5c, and individual diffractograms were obtained by fast
Fourier transformations, Figure 5d and Figure 5e. The roughness
of the MgO/V,, 4N, 5, interface is on the order of 2 nm. A similar
interface roughness has been reported for epitaxial growth of
VN(111) on MgO(111) and explained by surface defects of com-
mercially polished substrates [29]. Moreover, the high-resolution
TEM image in Figure 5f and fast Fourier transformations in
Figure 5g,h emphasize that the N-deficient V, s,Nj 4, layer grows
homoepitaxially on V4N, 5. Consequently, a single crystalline
VN bilayer has been grown on MgO(001) at 400°C.

2.5 | Defect Structure and Local Strain Formation

The defect structure of the VN bilayer was investigated by a
series of high-resolution TEM images (Figure 6). While recently

the dislocation core structures have been studied for TiN single
crystals [7], the present analyses focus on the evolution of the
dislocation density within the VN bilayer. The highest dislocation
density of ~0.20 nm~2 is formed at the MgO/V, 44N, 5, interface
and reduced to ~0.10 nm~2 within V, ,N, 5, at a distance of ~10
nm with respect to the MgO substrate, Figure 6b,c. The density
of dislocations decreases to ~0.04 nm™2 at the V 40Ny 51/Vo.56No 44
interface, Figure 6d, and < 0.01 nm~2 within the V5N, ,, layer
at a distance of =35 nm from the V44N /V(s6Np4s interface
(corresponding to a distance of 80 nm from the MgO/V,, ;4N 5,
interface), Figure 6e,f. Hence, the dislocation density varies by
two orders of magnitude. Close to the surface of the bilayer, the
dislocation density increases again to ~#0.03 nm~2, Figure 6g, most
likely related to surface oxidation, since a depth profile from time-
of-flight elastic recoil detection analysis (not shown) provided
evidence for significant O incorporation at the surface.

The linear density of misfit dislocations N can be estimated
using the formula N = ¢/b, where the strain ¢ is derived from
XRD data. The Burgers vector b corresponds to b = a/ \/5 for
edge dislocations, and a corresponds to the lattice parameter,
also based on XRD data. Even when considering both strains of
—0.9(5)% at the MgO/V 4N, 5, interface as well as —1.7(6)% at the
Vo.49No.51/ Vo 56No.as interface, a dislocation density of 0.09 nm™! is
estimated. Thus, the estimation provides evidence that interfacial
misfit dislocations account only for a minor fraction of the
observed high dislocation density. We propose that the majority of
dislocations actually originates from the evolution of point defects
into line defects. The mechanism of vacancy-driven dislocation
multiplication has been widely observed in ionic crystals [30].
One key mechanism is the activation of the Bardeen-Herring
source, which is a climb-dependent dislocation multiplication
source. Another origin of a high dislocation density may be
through the arrangement of vacancies, which has been recently
proposed for overstoichiometric HfN [31].

The distribution of dislocations is further emphasized in Figure 7,
and images of V,, ;0N 5, in Figure 7a,b were obtained in a double-
beam condition. While edge dislocations are evident in V40N 5;,
a stacking fault is observed in V,ssNj4, Figure 7c. Bright-
field/dark-field (BF/DF) imaging reveals that the defect structure
of the V54N 44 layer primarily consists of threading dislocations
and stacking faults. In contrast, threading dislocations in the
V49Nys layer are indistinguishable in BF/DF imaging due to
the excessively high dislocation density. Further high-resolution
TEM observations confirmed the presence of a high density of
1/2a[110] full edge dislocations in this region.

The evolution of dislocation density as a function of the distance
from the MgO/V, N, interface is summarized in Figure 8
together with lattice parameters from XRD data. It is evident that
the reduction of the dislocation density in V,, 44N, 5 is correlated
with the formation of V vacancies and N Frenkel pairs as inferred
from DFT and XRD data. The V5N 4, layer with N vacancies
exhibits a two orders of magnitude lower dislocation density.
Simultaneously, the lattice parameter is reduced from 4.199 A
for the MgO substrate to 4.159 A for V, 4N, and 4.089 A for
Vi56No.4- Dislocations are predominantly formed in the entire
~45 nm V, 44N, layer. Thus, the evolution of the dislocation
density in the VN bilayer is correlated with the N concentration.
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FIGURE 5 | Electron microscopy-based structural analysis of the VN bilayer. (a) Overview TEM image and a Pt protection layer can be seen at
the top of the image. (b) N signal of electron loss near edge structure (ELNES) spectra from V 49Ngs; and Vi 56N 44. The regions of the line scans
are indicated in (a). (c) High-resolution TEM image of the MgO/V, 4Ny s, interface as well as fast Fourier transformations for (d) V(49N and
(e) MgO. Corresponding regions are indicated in (a) and (c). (f) High-resolution TEM image of the V(49N 51/V( 56N 44 interface as well as fast Fourier
transformations for (g) Vi 56Ng .44 and (h) V 49Nq 5,. Corresponding regions are indicated in (a) and (f). Interfaces are emphasized by dashed lines.

Local strain fields with respect to the MgO substrate have
been determined using geometrical phase analysis (GPA) from
different regions of the VN bilayer, as indicated in Figure 9a. The
MgO substrate was chosen as a reference from a region free of
distortions, located =15 nm below the MgO/V, ,,N, 5 interface,
Figure 9b. High-resolution TEM images are shown together with
the strain field in an out-of-plane direction (g,,) in Figure 9c-
e. The critical thickness of 2-3 nm was found for the onset
of strain relaxation in the case of VN/TIN superlattices [32].
However, at the MgO/V, 4N, interface, strains with absolute
values of > 10% are formed locally at dislocations, Figure 9c. At
the V40N 51/V(56No4s interface, strains of -1.8 + 0.6% and -1.9 +
0.2% are obtained from dislocation-free regions of V ,,N,5; and
V56No.a4, respectively, Figure 9d. The very similar strain level
may be understood by the gradient of the composition over ~10
nm, as determined by APT, Figure 3.

The dislocation density is significantly reduced in the V ;N4
layer, Figure 8, and the local strain of —2.7 + 0.2% is obtained
from line profile integration, Figure 9e, at a distance from the
MgO/V 44Ny 5 interface of approximately 80-95 nm. This —2.7%
mismatch of V(5Ny,, with respect to the MgO substrate is in
very good agreement with —2.6(2)% from XRD data. Comparing
these values to the strain of —3.1(9)%, predicted by DFT and shown
in Figure 4c, it is evident that the VN 4, layer is relaxed, see
Figure 9e.

2.6 | Mechanical Properties

The elastic modulus and hardness of the VN bilayer film
were assessed with nanoindentation, which is challenged by
the relatively small thickness of 155 nm. For polycrystalline
TiN films, the hardness could be reliably measured without
contributions from the steel substrate, when the contact depth
was up to 10% of the film thickness [33]. Significantly lower
contact depths are required for measurements of the elastic
modulus due to strain fields, which affect a larger volume than
the plastic zone [33]. However, when reducing the contact depth,
the indentation size effect has to be considered. Higher hardness
values are measured for smaller contact depths, since gradients
of plastic shear are associated with the storage of geometrically
necessary dislocations [34]. Therefore, a contact depth range of
31-38 nm was chosen on purpose for nanoindentation of the VN
bilayer, corresponding to 20-25% of the film thickness. While
the measurement of mechanical properties is likely affected by
a contribution from the MgO substrate, this contact depth range
enables comparison of the mechanical properties to previous
works on epitaxial VN films with maximum penetration depths
of 30-40 nm [8, 9].

The VN bilayer exhibits an elastic modulus of 433 + 19 GPa,
slightly higher than the value of 400 + 25 GPa for epitaxial
Vi51No4o and in a similar range as 444 + 24 GPa for Vs4Ng 4
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FIGURE 6 | Electron microscopy-based analysis of dislocation den-
sity. (a) Overview TEM image. (b-g) High-resolution TEM images from
different regions, corresponding to different film thicknesses of the VN
bilayer, as indicated in (a).

[9]. The hardness of the VN bilayer is 23.5 + 0.9 GPa, which is
~68% or ~37% higher than the hardness of epitaxial V5 N s,
(14.0 + 0.8 GPa) or V,5,Ny.44 (17.1 + 0.8 GPa), respectively [8].
We would like to emphasize that the mechanical properties of the
VN bilayer are lower bound values due to the likely contribution
of the MgO substrate with elastic modulus and hardness values
in the ranges of 290-320 GPa and 9-13 GPa, respectively [35, 36].
Thus, it can be learned that the layered architecture of the VN
bilayer with well-defined strained interfaces and two orders of
magnitude variations in dislocation density is beneficial for the
mechanical properties, in particular, the hardness is enhanced by
up to > 60%.

3 | Conclusion

A single crystalline VN(001) bilayer has been grown epitaxially
on MgO(001) by reactive HPPMS at 400°C in an industrial-scale
deposition system. The individual layers were ~45 nm of V), ,4N, 5;
and ~110 nm of V5,Nj 44, and it is demonstrated that the defect
structure and interfacial strain are governed by the N concentra-
tion. Based on the lattice mismatch between MgO and V, 44Ny 5,
an interfacial strain of —2.3(1)% is expected at the MgO/V,, 44Ny 5,
interface. From DFT, XRD, and TEM data, it is inferred that
the V, 4Ny layer exhibits V vacancies, N Frenkel pairs, and a
dislocation density of ~#0.20 nm™2, causing an interfacial strain of
—1.4(5)% at the MgO/V,, 4N, 5 interface. The phase formation of
V56No.44 is governed by N vacancies, and the dislocation density
is reduced to ~0.04 nm™ at the V;49Ny5/VyssNoas interface
and to < 0.01 nm~? within the V, 5Ny, layer at a distance of
~35 nm from the interface. Ab initio data provide an expected
strain of —1.7(6)%, at the V40N 5/V5sNo44 interface, and are
in very good agreement with the experimental interfacial strain
of —1.6(8)%. Based on the here presented findings, it is evident
that control of the N concentration allows for the design of lay-
ered architectures with well-defined strained interfaces and two
orders of magnitude variations in dislocation density. Finally, the
employment of only one transition metal is chemically simple and
therefore, from a recycling point of view, also more sustainable
than combining different transition metals as commonly done in
layered architectures, including superlattices.

4 | Methods
4.1 | Thin Film Synthesis

VN bilayer films were grown on 10x10 mm MgO(001) as well as
15 X 15 mm glassy C substrates in a CemeCon CC800/9 deposition
system. The substrates were clamped on a substrate holder,
facing a rectangular V target (500 x 88 x 10 mm, 99.9% purity,
Sindlhauser Materials GmbH) at a target-to-substrate distance of
10 cm. The deposition chamber was evacuated, and the substrate
temperature was controlled with radiation heaters, located at the
chamber walls (P = 4.5 kW) as well as in the center of the chamber
(P = 1.5 kW). The temperature of 400 + 5°C was achieved at
the substrate holder and monitored with a thermocouple (NiCr-
Ni, K type). After two hours of heating, the base pressure at the
deposition temperature was < 2 X 107* Pa.

Bilayers were grown reactively through different gas supply
systems of N, (purity 6.0) as schematically shown in Figure 1.
The first layer with a nominal thickness of 50 nm was intended
to be overstoichiometric (N concentration > 50 at.%); hence, N,
was provided through the central gas inlet of the chamber [23].
A gas mixture with flows of 200 sccm Ar and 50 sccm N, was
employed, resulting in a N, partial pressure of 0.10 Pa and a
deposition pressure of 0.47 Pa. The second layer with a nominal
thickness of 100 nm was intended to be understoichiometric
(N concentration < 50 at.%), and a composition gradient was
achieved by introducing N, through an inlet placed at the 88 mm
wide end of the target (gas shower) [23]. The Ar flow was also
200 sccm, while the N, flow was 10 sccm, resulting in a N, partial
pressure of 0.02 Pa and a deposition pressure of 0.39 Pa. The
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Vo.56No.44 |

FIGURE 7 | Dislocation distribution and stacking fault formation. The overview of the VN bilayer, obtained in double-beam condition, is shown as
bright field (BF) in (a) and dark field (DF) in (b). (c) Stacking fault, observed at <110> viewing direction in V) s4Ng 44.
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FIGURE 8 | Dislocation density as a function of the distance from the MgO/V 4Ny 5; interface based on high-resolution TEM (HRTEM) data (left
axis). Lattice parameters of the MgO substrate, as well as V( 49Nq 5; and V55N 44 from XRD analysis, Figure 4c, are also included (right axis).

distance of the substrates from the gas shower inlet was in the
range of ~8 to %20 cm.

Both layers were synthesized by HPPMS with a Melec
SIPP2000USB-10-500-S power supply, and the pulse on- and
off-times were 50 and 1950 ps, respectively, corresponding to a
frequency of 500 Hz and a duty cycle of 2.5%. The time-average
power of 1.5 kW was applied, and the waveforms of target
voltage and current were monitored with a Tektronix TDS 3014B
oscilloscope. The substrate holder was at floating potential, and
the deposition time of the first VN layer, grown with the central
gas inlet, was 190 s. Afterward the plasma was stopped, N, was
supplied through the gas shower, and the second VN layer was
grown for 360 s. Since these two layers exhibited thicknesses
of ~45 nm (central gas inlet) and ~110 nm (gas shower), actual
deposition rates were 2.4 A s™' and 3.1 A s, respectively. The
venting temperature was < 70°C to minimize surface oxidation
[37].

4.2 | Ion Beam Analysis

VN bilayer films, grown on glassy C, were characterized by RBS
at the Tandem Laboratory of Uppsala University [38]. A primary

ion beam of “He* with 2 MeV energy was used, and backscattered
ions were detected at a scattering angle of 170°. Data analysis was
done with SIMNRA [39]. The statistical uncertainty was 3-4 and
2-3% relative of the deduced values for V4N, and Vi 56N 44,
respectively. In addition, depth profiles of the films, grown on
MgO, were acquired with time-of-flight elastic recoil detection
analysis to investigate the O impurity content. Primary ions 218+
with 36 MeV energy were used, and time-energy coincidence
spectra were obtained with a combination of thin C foils as well
as a gas detector [40].

4.3 | Atom Probe Tomography

The nanoscale composition of the VN bilayer was characterized
spatially resolved with APT using a CAMECA LEAP 4000 X
HR. Field evaporation was assisted thermally with an ultraviolet
laser, operated at a pulse frequency of 200 kHz, and the base
temperature as well as detection rate were 60 K and 0.5%, respec-
tively. Since the measurement accuracy is strongly dependent on
the electric field strength, a low laser pulse energy of 10 pJ was
employed. Thereby, the higher electric field strength enhances
the measurement accuracy as recently demonstrated for the
related systems TiN and CrN [41, 42].

Advanced Materials Interfaces, 2026

90f13

d ‘0 ‘0SEL96TZ

Jwosy

85UBD17 SUOLULIOD @A ERID) @(qedl|dde Uy Ag peuenob a1 sapie YO BSN JO S3|NJ 104 ARIqIT UIIUO 8|1/ UO (SUORIPUOD-PUR-SULSY/WOD 8] 1M ATeIqfeul uo//SdRY) SUORIPUOD Pue SWS L 3L 885 *[9202/T0/ZT] Uo ARiqITaulluo A81iM “AISIAIIN WBYIRY HLMY SPLIONAIGSIEISBAIUN AJ 722005202 WPR/Z00T OT/I0p/00™ Ao |Im A



e
. Vo.56No.44 §

5% 5%-20%  20%

FIGURE 9 | Electron microscopy-based analysis of local strain fields.
(a) Overview TEM image. (b) Region of the MgO reference for strain
analysis, located ~15 nm from the MgO/V,49Ny5 interface. High-
resolution TEM images and corresponding strain fields are shown for (c)
the MgO/V( 49Ny 51 interface, (d) the Vi 49N 51/V(56Ng .44 interface, and
(e) the V56N 44 layer. Strain fields are provided with two color scales
from —5 to +5% as well as —20 to +20%. The strain field of the MgO
reference is shown with the color scale from —20 to +20%. Interfaces are
emphasized by dashed lines.

Atom probe specimens were prepared by focused ion beam
techniques in a FEI Helios Nanolab 660 dual-beam microscope,
using Ga* ions at 30 kV. A plan-view lift-out (see supporting
information of previous work [43]) was done due to the limited

thickness of the bilayer and to avoid material loss during the
sharpening of the specimens to a needle-shaped geometry. Final
specimen preparation was done at 5 kV to reduce the Ga
contamination, and a specimen with 30 nm radius at the apex
and 12° shank angle was obtained. Data analysis was carried out
with AP Suite 6.1, and the shank angle protocol was used for
reconstruction.

4.4 | X-ray Diffraction

Phase formation was studied with a Siemens D5000 diffractome-
ter. Cu Ka radiation (1 = 1.54 A) was used for XRD at a voltage of
40 kV and a current of 40 mA. The 26 range from 40 to 46° was
scanned with a step size of 0.05° and dwell time of 2 s, while the
X-ray source and detector were coupled in 6-26 scans. Thereby,
the (200) lattice planes were studied, and lattice parameters from
the VN bilayer as well as the MgO substrate were obtained. Peak
deconvolution was carried out with the Profex program [44],
employing Pseudo-Voigt fitting functions.

4.5 | Transmission Electron Microscopy

A field emission (scanning) transmission electron microscope
(JEOL 2100F), equipped with an image-side spherical aberration
corrector, was used and can achieve a resolution of 1.2 A at 200 kV.
The aberration coefficients were tuned to be sufficiently small
(Cg = 0 um), and all high-resolution TEM images were taken
under slight over-focus conditions. Moreover, electron energy loss
spectroscopy was employed, and spectrum images were acquired
in the scanning transmission electron microscopy mode using a
dispersion of 0.2 eV per channel, a collection semi-angle of 10
mrad, and a convergence semi-angle of 2.5 mrad. The images
were aligned to the first N-K peak and processed in Digital
Micrograph software. The dislocation density was obtained from
high-resolution images according to p = N/A, where p is the
dislocation density, N is the number of dislocations, A is the
area. The strain field was calculated on the Cg-corrected high-
resolution TEM images using the GPA method. According to the
GPA algorithm, the lattice strain in the out-of-plane direction
(g,,) can be obtained by selecting two non-collinear Bragg vectors
(8 = (200) and g, = (200)) in the power spectrum generated
from a high-resolution TEM image.

Thin lamellae for TEM investigations were also prepared using
the dual-beam microscope mentioned above. A platinum protec-
tion layer with length, width and height of 8.0, 1.5 and 1.5 um,
respectively, was applied on the surface of the VN bilayer. The lift-
out consisted of approximately 1.5 um of the MgO substrate, the
VN bilayer, as well as the protection layer. Preliminary thinning
of a window with a width of ~2.5 um to ~60 nm lamella thickness
was done at 30 kV with currents of 0.79 as well as 0.23 nA,
while the final thinning to ~20 nm was carried out at 5 kV
using currents of 41 as well as 15 pA. Energy dispersive X-ray
spectroscopy was done in the TEM, and no Ga impurities were
found in the lamellae (data not shown). Besides conventional lift-
outs in the <100> viewing direction, an additional lift-out was
done in the <110> viewing direction.
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4.6 | Nanoindentation

Elastic modulus and hardness were evaluated with quasistatic
nanoindentation using a Hysitron TI-900 TriboIndenter. In total,
50 indents were done at the VN bilayer in load-controlled
measurement mode with loads of 1.0 and 1.2 mN (25 indents for
each load). The resulting contact depths were in the range of 31-
38 nm, corresponding to 20-25% of the film thickness. While a
contribution of the MgO(001) substrate to the measured mechan-
ical properties has to be expected, these relatively large contact
depths were chosen on purpose for comparison with previous
works on epitaxial VN films [8, 9] and to avoid the indentation
size effect. A new diamond probe with Berkovich geometry and
100 nm nominal radius was employed, since blunting of the probe
results in overestimation of the hardness due to an enhanced
indentation size effect [33]. Individual load-displacement curves
were evaluated according to the method from Oliver and Pharr
[45]. Measured indentation modulus values were converted to the
elastic modulus using a Poisson ratio of 0.296 for V5N, [9] as
well as a Poisson ratio of 0.07 and an elastic modulus of 1140
GPa for the diamond probe. The area function of the probe was
determined with a fused silica reference sample.

4.7 | Modeling

Lattice parameters of cubic VN (space group Fm3m) as a function
of N concentration were predicted at 0 K by DFT ab initio calcula-
tions [46] as implemented within Quantum ESPRESSO [47, 48] in
version 7.2. Electron exchange-correlation was obtained from the
general gradient approximation in Perdew, Burke, and Ernzerhof
(PBE) parametrization [49].

Besides the stoichiometric configuration, 2 X 2 X 2 supercells
with 56-64 atoms were used with either metal or N vacancies
at random positions by utilization of a special quasirandom
structure generator [50]. N concentrations were 42.9, 44.8, 46.7,
48.4, 50.0, 51.6, and 53.3 at.% (cell configurations: V3,N,,, V3, Ny,
V3, Nos, V3N, V5,Ns,, V3N, and VNi,). Elements of the
investigated structures were described by pseudopotentials from
the Standard Solid-State Pseudopotentials (SSSP) PBE Precision
package, version 1.3.0 [51, 52]. All the calculations were facilitated
via the Atomic Simulation Environment [53].

Kinetic cut-off energies for wavefunctions and charge density
were chosen as 80 Ry and 320 Ry, respectively, based on values
for V and N provided by the SSSP PBE Precision version 1.3.0
cut-off tables [51, 52]. Sampling of the Brillouin zone was done
by I'-centered Monkhorst-Pack mesh [54] with k-points spacing
0.15 A~ for which convergence tests suggested that the structures
were well-converged. Convergence thresholds were set to 107> Ry
and 10~* Ry Bohr™! for the total energy and forces, respectively.
All calculations herein were performed without consideration of
spin polarization.

Cubic VN is dynamically unstable and transforms into a tetrago-
nal structure (space group P4,m) at temperatures below 250 K [55,
56]. The calculations were carried out at 0 K, and all structures
initially underwent full-cell geometry optimization, in which the
Bravais lattice was fixed, and volume was allowed to change. For
these optimizations, Gaussian smearing with a spread of 0.015

Ry was used for Brillouin-zone integration. The obtained ground
state geometries were then subjected to additional single-point
calculations using optimized tetrahedron method [57] to obtain
accurate total energies.

To model possibly present N Frenkel pairs within the structures
and investigate their influence on the lattice, twelve interstitial
configurations were considered for the V;,N;, model; four having
the interstitial atom close to the corresponding vacancy and
eight placing the interstitial atom beyond V atoms closest to
the corresponding vacancy. Out of these, only four Frenkel
pair configurations were found to persist — all of them being
located further from the corresponding vacancy - and the other
configurations exhibited interstitial-vacancy recombination. The
persistent configurations were then also tested for V;,N;, and
VN3, systems, where they were found to mostly persist as well
(three out of four for V;)N3, and two out of four for V,4Ns,).
When introducing an additional vacancy at the N site, the Frenkel
pair recombined spontaneously. Similarly, eight configurations of
V3, N3, with a V Frenkel pair were tested, all having the interstitial
atom located beyond the N atoms closest to the corresponding
V vacancy. Four out of these eight configurations were found to
persist. Testing of the V Frenkel pairs for V)N, and V4N, led
in all cases to recombination, suggesting that the presence of any
additional V vacancy destabilizes the V Frenkel pair in a similar
manner to N Frenkel pairs.
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