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a b s t r a c t 

Ion irradiation-induced changes in the structure and mechanical properties of metastable cubic (V,Al)N 

deposited by reactive high power pulsed magnetron sputtering are systematically investigated by cor- 

relating experiments and theory in the ion kinetic energy ( E k ) range from 4 to 154 eV. Increasing E k 
results in film densification and the evolution from a columnar (111) oriented structure at E k ≤ 24 eV to 

a fine-grained structure with (100) preferred orientation for E k ≥ 104 eV. Furthermore, the compressive 

intrinsic stress increases by 336 % to -4.8 GPa as E k is increased from 4 to 104 eV. Higher ion kinetic en- 

ergy causes stress relaxation to -2.7 GPa at 154 eV. These ion irradiation-induced changes in the thin film 

stress state are in good agreement with density functional theory simulations. Furthermore, the measured 

elastic moduli of (V,Al)N thin films exhibit no significant dependence on E k . The apparent independence 

of the elastic modulus on E k can be rationalized by considering the concurrent and balancing effects of 

bombardment-induced formation of Frenkel pairs (causing a decrease in elastic modulus) and evolution 

of compressive intrinsic stress (causing an increase in elastic modulus). Hence, the evolution of the film 

stresses and mechanical properties can be understood based on the complex interplay of ion irradiation- 

induced defect generation and annihilation. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cubic transition metal aluminum nitrides ((c-(TM,Al)N), space 

roup Fm ̄3 m , NaCl prototype structure) are commonly employed 

s protective coatings for forming and cutting applications due to 

heir superior oxidation resistance [ 1 , 2 ], high thermal stability [3] ,

igh hardness and elasticity [ 4 , 5 ], and low wear [2] . In addition

o (Ti,Al)N [ 6 , 7 ] and (Cr,Al)N [ 4 , 8 ] thin films, which were in focus

or many years, the phase formation and mechanical properties of 

V,Al)N have recently been investigated. An exceptionally high Al 

olubility of x = 0.75 [9] in the cubic structure of V 1- x Al x N, a larger

racture toughness in comparison to c-(Ti,Al)N [10] , and a higher 

alculated elastic modulus of E = 4 82-4 92 GPa [11] for x = 0.5 at

 K in comparison to Ti 0.5 Al 0.5 N with E = 463-472 GPa [12] and
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r 0.5 Al 0.5 N with E = 373-383 GPa [4] , make c-(V,Al)N a promising

rotective coating material. The advanced properties of these thin 

lms are enabled by the formation of cubic metastable solid so- 

utions, which require non-equilibrium processing routes such as 

athodic arc evaporation and magnetron sputtering. 

In 1999, high power pulsed magnetron sputtering (HPPMS) 

echnique was introduced [13] . HPPMS is characterized by a high 

raction of ionized sputtered film-forming species [14] , while 

n conventional direct-current magnetron sputtering (DCMS), the 

lm-forming species are primarily neutrals [15] . 

The influence of the noble gas ion bombardment of the grow- 

ng film surfaces during DCMS depositions has been reviewed with 

espect to enhancement of the film density [ 16 , 17 ], improvement 

f the film crystallinity, and control of the preferred orientation 

hrough collisionally-enhanced adatom mobility [ 18 , 19 ]. Despite 

he desired film densification, bombardment of the DCMS films by 

oble gas ions often results in trapped noble gas atoms [20] and 
. This is an open access article under the CC BY license 
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eneration of other defects such as point defects [ 21 , 22 ]. During

PPMS, the high ionization degree enables control over the kinetic 

nergy ( E k ) of the noble gas as well as the film-forming ions, which

esults in more efficient transfer of kinetic energy and momen- 

um to the growing film [23] . This advantage of the HPPMS process 

as explored during hybrid co-sputtering by means of a synchro- 

ized substrate bias potential to the metal-ion-rich portion of each 

PPMS pulse which allows for the intentional separation of film- 

orming material fluxes originating from DCMS and HPPMS sources 

n time and energy domains. Specifically, Greczynski et al. [9] uti- 

ized a hybrid co-sputtering strategy for the growth of V 1- x Al x N, 

n which the Al target was operated in HPPMS mode, while the V 

arget was powered by a DCMS generator (Al-HPPMS/V-DCMS). By 

pplying the substrate bias potential to the Al-rich portion of the 

PPMS plasma, an unprecedented Al solubility of x = 0.75 was ob- 

ained. The Al solubility in this processing strategy was 42% higher 

han in the case of DCMS co-sputtering with a continuous direct- 

urrent substrate bias potential [9] . This exceptional Al supersat- 

ration was achieved by stabilization of the cubic phase due to 

rradiation-induced stress generation [24] and more importantly by 

ubplantaion of the Al + ions with energies higher than the lattice 

isplacement threshold [ 9 , 23 ]. Later, it was shown that the maxi-

um Al solubility is directly affected by the magnitude of the syn- 

hronized substrate bias potential, which defines the kinetic en- 

rgy of incident Al + ions and consequently the subplantation depth 

25] . 

It is reasonable to expect that the kinetic energy of ions irra- 

iating the growing film surface defines the defect structure and, 

ence, also mechanical properties of the nitride thin films. Pertain- 

ng to the bond strength, it has been predicted that the elastic 

odulus of c-(V,Al)N depends not only on the chemical composi- 

ion, but also on the defect structure and material stress state [26] . 

tress-dependent elastic moduli have also been demonstrated for 

he isostructural c-Cr 0.8 Al 0.2 N [27] and c-Ti 0.53 Al 0.47 N [28] . 

In many studies, formation of compressive intrinsic stress is 

ound to be related to the point defect generation during the col- 

ision cascade between the irradiating ions and atoms within the 

ear-surface region of the growing film [29-31] . The point defect 

eneration is assumed to be due to the displacement of the surface 

nd subsurface atoms into interstitial and/or substitutional sites re- 

ulting in the formation of vacancies. Vacancies, which accommo- 

ate the films’ off-stoichiometry, are the most discussed point de- 

ect type in cubic transition metal nitrides (c-TMN) and c-(TM,Al)N 

hich have an influence on the thermal stability [ 3 , 32-34 ], elas-

ic properties [35] , and fracture behavior [36] of these thin films. 

he formation of off-stoichiometry vacancies is mostly correlated 

ith the nitrogen partial pressure during the sputter deposition 

rocess [ 3 , 32 ], while the impact of ion irradiation is often omit-

ed. Although ion irradiation-induced defect formation has been 

iscussed in the literature [ 22 , 31 , 37 ], very little is known about the

ature of point defects and defect clusters generated during the in- 

eraction of plasma with the growing film surface and how these 

efects contribute to the stress state evolution. 

Density functional theory (DFT) based molecular dynamics 

MD) simulations have been shown to assist the interpretation 

f the underlying plasma-surface interactions [38] . However, it is 

hallenging to consider the influence of ion irradiation on the de- 

ect formation directly in DFT-based MD simulations, as ion ener- 

ies above a certain threshold interfere with the periodic bound- 

ry conditions [39] . Furthermore, due to the limited dissipation 

f energy in the rather small supercells considered in DFT-based 

D simulations [40] , experimentally relevant kinetic energies of a 

ew tens to hundreds of eV could not be treated previously. Re- 

ently, Music et al. [27] developed a theoretical approach, known 

s DFT based thermal spike model, to explicitly take into account 

on irradiation with E k > 100 eV and its influence on the final 
2 
efect structure, density, thermally induced stress state, and elas- 

ic properties. The model has been validated experimentally for c- 

r 0.8 Al 0.2 N [27] . 

Here, we systematically investigate the influence of the kinetic 

nergy of ionized species on the structure evolution and, conse- 

uently, on the mechanical properties of c-(V,Al)N thin films by 

orrelating experiments and ab initio calculations. The input data 

or this combined plasma-surface model are the initial ion kinetic 

nergies, which are obtained experimentally from the ion energy 

istribution functions (IEDFs). Then, the total ion kinetic energy 

as estimated by considering in addition to the initial kinetic ion 

nergy, also, the energy gain due to acceleration by the electric 

eld of the substrate sheath as determined by the applied sub- 

trate bias potential. The results reveal that ion irradiation-induced 

ormation and annihilation of point defects define the stress state 

volution and the elasticity of c-(V,Al)N. Hence, thermally- as well 

s ion bombardment-induced stress contributions are explicitly 

onsidered here. 

. Experimental details 

(V,Al)N thin films were deposited by HPPMS in an industrial 

cale CemeCon CC 800/9 (Würselen, Germany) deposition system 

ith utilization of two Melec SIPP20 0 0USB-10-50 0-S pulsers and 

0 kW ADL GX 10 0/10 0 0 DC power supplies. Two rectangular 

agnetrons with one composite V 0.6 Al 0.4 target ( > 99.7% purity, 

lansee Composite Materials GmbH, Germany) and one elemental 

l target (99.99% purity, CemeCon AG, Germany) with dimensions 

.8 × 50 cm 

2 were used for the depositions in a co-sputtering ge- 

metry. 10 × 10 mm 

2 Si(001) and α-Al 2 O 3 (0 0 01) substrates were 

ounted on a copper holder facing the targets. The angles between 

he targets and substrate normals were ~27 ° and the target-to- 

ubstrate distance was 10 cm. The substrate temperature ( T s ) was 

ept at ~450 °C during all depositions. The chamber base pressure 

t the deposition temperature was below 0.70 mPa. A total pres- 

ure of 0.44 Pa was employed for sputtering with a constant Ar:N 2 

ow rate ratio of 2:1. Each target was operated by separate HPPMS 

ower supplies, each using pulse on-time of τHPPMS = 50 μs at a 

uty cycle of 2.5% corresponding to a pulsing frequency of f = 500 

z. Time-average powers of 2200 W for the V 0.6 Al 0.4 target and 

0 0 0 W for the Al target were used, which resulted in the peak

ower densities of 520 and 490 W/cm 

2 , respectively. The HPPMS 

ulses were simultaneously applied to both targets at t = 0 μs, see 

ig. 1 . A pulsed substrate bias potential V s was varied in the range

rom 0 (grounded) to -150 V with a pulse on-time of τ s = 100 μs

ynchronized with the targets’ HPPMS pulses with + 30 μs phase 

hift. The substrate bias phase shift was calculated considering the 

ormation time of metal ions within each HPPMS pulse and the 

ime of flight of the ions from the target to the substrate. This 

hase shift thus prevents acceleration of the gas ions generated at 

he beginning of the HPPMS pulses which may cause delamina- 

ion of the deposited thin film due to detrimental stress evolution 

9] . Except for the deposition, during which the substrates were 

ept at 0 V (grounded) throughout the experiment, the substrates 

ere kept electrically floating at V f = -20 V between the HPPMS 

ulses as measured with a digital oscilloscope. The deposition time 

as 120 min resulting in 2.2-2.5 μm thick films, which were used 

or microstructural and mechanical characterization. In addition, a 

et of samples was deposited under the same conditions for 3 min 

eading to a thickness of ~ 70 nm for mass density measurements. 

An energy-resolved mass spectrometer (PPM 422, Pfeiffer Vac- 

um, Asslar, Germany) was employed to monitor the plasma chem- 

stry through a mass-to-charge scan at a fixed energy, and the 

ime-averaged IEDFs were obtained through energy scans at fixed 

ass-to-charge ratios of the most dominant positive ions. The 

easurements were carried out at the same deposition conditions 
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Fig. 1. Voltage and current waveforms of (a) V 0.6 Al 0.4 and (b) Al targets recorded 

during the 50-μs-long HPPMS discharges. (c) Substrate voltage and substrate current 

waveforms at -100 V substrate bias potential. 
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tilized for the growth of the (V,Al)N thin films without heating. 

he spectrometer orifice was grounded. 

Depth-resolved chemical composition analysis of the thin films 

rown on Si(001) was carried out by time-of-flight elastic recoil 

etection analysis at the Tandem Laboratory of Uppsala Univer- 

ity. 36 MeV 

127 I 8 + primary ions were used and the incidence, 

s well as exit angles, were 22.5 ° with respect to the surface of 

he thin films. The solid-state detection system was located at 45 °
ith respect to the primary ions and further details are available 

lsewhere [41] . Total systematic uncertainties were 2.5 at.% for N 

nd aliquot fractions for V and Al [42] . Depth profiles were ob- 

ained from time-energy coincidence spectra by using the CON- 

ES code [43] . Average chemical compositions of thin films grown 

n α-Al 2 O 3 (0 0 01) were obtained by energy dispersive X-ray spec- 

roscopy (EDX) using a JEOL JSM-6480 scanning electron micro- 

cope with an EDAX Genesis 20 0 0 detection system at 12 kV ac- 
3 
eleration voltage. A thin film analyzed by elastic recoil detection 

erved as a standard for calibration of the EDX system. 

Structural analyses were performed by a Siemens D50 0 0 X-ray 

iffraction (XRD) system (Munich, Germany) using Cu K α radia- 

ion source operating at a voltage and current of 40 kV and 40 

A, respectively. X-ray source and detector were coupled in θ-2 θ
cans (Bragg-Brentano geometry) from 30 ° to 70 ° with a step size 

f 0.05 ° and a dwell time of 2 s per step. 

The thin film microstructure was characterized using scan- 

ing transmission electron microscopy (STEM). Cross-sectional and 

lan-view thin film lamellae were prepared by focused ion beam 

echniques in an FEI Helios Nanolab 660 dual-beam microscope 

Hillsboro, OR, USA). This microscope was also used for acquiring 

right field (BF) images with a STEM III detector at acceleration 

oltage and current of 30 kV and 50 pA, respectively. 

Transmission electron microscopy (TEM) analyses were per- 

ormed using a probe C s -corrected FEI Titan 

3 G2 60-300 (Hills- 

oro, OR, USA) operating at 300 kV accelerating voltage. BF-TEM 

mages and selected area electron diffraction (SAED) patterns for 

he cross-sectional and plan-views of the samples were acquired 

sing a Gatan CCD camera (Gatan Inc., Pleasanton, CA, USA). 

Roughness values R a of the thin film surfaces were evaluated 

ith a Keyence VK-9700 laser optical microscope (Osaka, Japan). 

X-ray reflectivity (XRR) measurements were carried out with a 

igaku Ultima IV diffractometer (Tokyo, Japan) using Cu radiation 

ource at 40 kV and 40 mA in a parallel beam geometry. The XRR 

atterns were obtained with a step size of 0.002 ° and a scan speed 

f 0.25 °/min. XRR data analysis was conducted with the Globalfit 

oftware [44] . 

X-ray stress analysis was done by the si n 2 ψ method with a 

ruker D8 Discover General Area Diffraction Detection System (Bil- 

erica, MA, USA) using psi geometry ( ψ tilt axis in the diffraction 

lane) and assuming a biaxial stress state [45] . ψ was varied from 

 to 60 ° corresponding to si n 2 ψ from 0 to 0.75. The residual stress 

tate σresidual is determined by a least-square fit of the slope of d ψ 

s. si n 2 ψ according to: 

d ψ 

− d 0 

d 0 
= 

( 1 + ν) 

E 
σresidual si n 

2 ψ (1) 

here ν is the Poisson’s ratio and E is the elastic (Young’s) modu- 

us of the thin films. 

The thermal stress σthermal contribution to the total stress state 

rising during cooling of the samples from T s to room temperature 

as estimated by: 

thermal = �α�T 

(
E 

1 − ν

)
(2) 

n which �α is the difference between the linear coefficient of 

hermal expansion of the film (8.2 × 10 −6 K 

−1 , calculated in this 

tudy) and substrates (2.5 × 10 −6 K 

−1 in the case of Si [46] and 

.5 × 10 −6 K 

−1 for α-Al 2 O 3 , provided by manufacturer). The tem- 

erature decrease �T after cooling from T s to room temperature 

as ~ 430 K for all depositions. 

Elastic modulus E and nanoindentation hardness H were de- 

ermined using a Hysitron (Minneapolis, MN, USA) TI-900 TriboIn- 

enter equipped with a Berkovich geometry-diamond tip with 100 

m radius. At least 80 quasistatic indents, each with a maximum 

oad of 8 mN, were performed, resulting in contact depths of < 5% 

ith respect to the film thickness. The tip area function was de- 

ermined with a fused silica standard. The reduced modulus was 

cquired from the unloading part of load-displacement curves em- 

loying the method of Oliver and Pharr [47] . The elastic moduli 

ere then attained from the measured reduced moduli data us- 

ng the compositionally-dependent Poisson’s ratios calculated by 

ueß et al. [26] . During nanoindentation of polycrystalline nanos- 

ructures, multiple grains and hence, orientations are probed upon 
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echanical loading as the elastic strain field is much larger than 

he domain size. Therefore, the measured elastic modulus repre- 

ents an average of elastically anisotropic materials. 

. Theoretical details 

DFT [48] based MD together with the DFT thermal spike model 

27] were utilized to investigate the interaction of plasma with 

 0.5 Al 0.5 N(200) surface. For MD simulations, the OpenMX code was 

mployed due to its computational speed [49] . The basis functions 

n this code were in the form of a linear combination of localized 

seudoatomic orbitals [50] and generalized gradient approximation 

51] . These basis functions were generated using a confinement 

cheme [ 50 , 52 ] specified as: V5.5-s2p2d1, Al6.0-s2p2, N4.5-s2p1, 

nd Ar5.0-s2p1. Here, V, Al, N, and Ar designate the chemical name 

ollowed by the cutoff radius (Bohr radius unit) and the last sym- 

ols define the corresponding primitive orbitals. The energy cutoff

f 150 Ry was adjusted to reach a total energy precision of 10 −6 

y atom 

−1 . A slab model of 512 atoms in a cluster configuration 

5] was constructed, where the bottom layer was kept frozen to 

imulate the infinitive bulk. To describe the V 0.5 Al 0.5 N(200) sur- 

ace in the slab configuration, a 10 Å thick vacuum layer was in- 

roduced. Ar atoms with E k = 35 eV were primarily placed at atop 

ositions at a distance of 3 Å above V, Al, and N surface sites. Due

o the limitations of the DFT-based MD calculations with respect to 

he energy dissipation in small supercells, interaction of ions with 

he structures at higher E k could not be investigated [ 39 , 40 ]. DFT-

ased MD simulations were carried out for 10 0 0 fs with the MD 

tep of 1 fs at 723 K (velocity scaling thermostat, canonical ensem- 

le), corresponding to the growth temperature of (V,Al)N in this 

ork. A fast-transient time frame of 150 fs was observed with the 

aximum diffusion distances for the displaced atoms, which was 

ccompanied by thermalization. By considering the defect struc- 

ure obtained from the MD simulations and using the Kinchin- 

ease equation [53] , N = 

E k 
2 E d 

, in which the number of point de-

ects ( N) formed within the structure is correlated to the initial ki- 

etic energy ( E k ) of the irradiating ions and the instantaneous en- 

rgy ( E d ), we calculate E d = 4.8 eV for V 0.5 Al 0.5 N(200). E d has been

hown previously to be close to the activation energy for diffusion 

 27 , 54 ], which is a unique value for each material system. 

In order to consider the impact of ion irradiation with E k rang- 

ng from 39 up to 233 eV, a DFT-based thermal spike model de- 

eloped by Music et al. [27] was utilized. Firstly, 12.5% of atoms 

4 × 4 × 4 of the 8 × 8 × 8 atoms supercell) from the near- 

urface region were subjected to high thermal loads from 10 0 0 0 

p to 20 0 0 0 K for 150 fs. Next, the displaced atoms were inserted

ack into the initial supercell. Then, the supercells were relaxed at 

 K and the final defect structures were utilized to estimate the 

nitial E k as if the supercell was exposed to ion irradiation. This 

as achieved by counting the number of point defects formed due 

o the thermal spike and E k was then calculated based on E d = 

.8 eV with the Kinchin-Pease equation. The final defect structures 

t low E k were comparable to the configurations obtained by MD 

imulations, confirming the significance of the here employed ap- 

roach. The defect structures were further annealed at 723 K for 

00 fs to account for the thermalization tail of the MD simulation. 

he VESTA code was used for the atomic structure analysis [55] . 

inally, full structural relaxation was performed for each configu- 

ation and the Birch-Murnaghan equation of state [56] was used 

o obtain the equilibrium volume. Temperature-dependent equilib- 

ium volume (mass density), bulk moduli, and linear coefficient of 

hermal expansion were calculated by the Debye-Grüneisen model 

57] as described elsewhere [27] . The approximation of Hill’s av- 

rage was used to obtain the isotropic polycrystalline bulk modu- 

us [ 58 , 59 ]. The elastic moduli were then calculated from the bulk

oduli using Poisson’s ratio of ν = 0.218 for V Al N [26] and 
0.5 0.5 

4 
ompared to nanoindentation measurements which probe an aver- 

ge elastic modulus for elastically anisotropic materials. In order to 

btain the stress dependence of the elastic moduli, a volume off- 

et from the equilibrium volume was considered for each thermal 

pike configuration. 

. Results and discussion 

.1. Plasma analysis 

First, the plasma was characterized regarding the type and the 

inetic energy of the positive ions present. The time-averaged 

EDFs of gaseous and film-forming species of the V-Al HPPMS dis- 

harge in an Ar and N 2 atmosphere are presented in Fig. 2 (a) and

b), respectively. The majority of the ions present in the plasma are 

ingly-charged Ar + , V 

+ , N 2 
+ , N 

+ , and Al + ions. It is worth men-

ioning that the N 

+ spectrum is measured at the mass/charge ratio 

f 14 amu/e, which might contain some contribution of Al 2 + ions 

13.5 amu/e) close to that of N 

+ . In addition, a population < 10%

f doubly-charged V 

2 + ions was detected. This can be rationalized 

y comparing the magnitudes of second ionization potentials of V 

 IP 2 
V 

= 14.66 eV) and of Al ( IP 2 
V 

= 18.83 eV) with the first ioniza-

ion potential of the gaseous species, Ar ( IP 1 
Ar 

= 15.76 eV) and N 2 

 IP 1 N 2 
= 15.55 eV), [60] . However, energy fluxes calculated using: 

nergy f lux = ∫ ( E × IE DF ( E ) ) dE (3) 

here E is the ion energy, show ~ 6% contribution of 

 

2 + /(V 

+ + V 

2 + ), while the contribution of other doubly-charged 

ons, Al 2 + and Ar 2 + , was < 2% of the overall plasma composition. 

herefore, the average charge states for V and Al ions are calcu- 

ated to be 1.033 and 1.030, respectively, which is very close to 

ne. Hence, it can be learned that the here employed plasma is 

ominated by singly-charged ions with Ar + being the most abun- 

ant species. 

The kinetic energy of ionized species arriving at the growing 

lm can be expressed as: 

 k = E ◦i + qe 
(
V pl − V s 

)
(4) 

n which E ◦
i 

represents the initial kinetic energy of the ions prior 

o entering the substrate sheath. While the kinetic energy gained 

rom the acceleration across the substrate sheath is qe ( V pl − V s ) , 

here q denotes the ion charge state, e is the elementary charge, 

 pl is the plasma potential, and V s is the negative substrate bias 

otential. Hence, the magnitude of E k is primarily affected by 

he substrate bias potential. All IEDFs (measured with respect to 

round ( V s = 0 V)) exhibit a most probable energy of ~ 4 ± 1 eV 

orresponding to 89% of the total ion population, see Fig. 2 . For the

aseous species, Ar + and N 2 
+ , considering E ◦

i 
∼ 0 eV , the measured 

ost probable energy of the IEDFs corresponds numerically to the 

lasma potential. However, for the film forming species, E ◦
i 

> 0 eV , 

he most probable energy of the IEDFs is shifted to slightly higher 

alues while the IEDFs extend to energies of up to 24 eV. This en- 

rgy range for the total ion population is rather small in compar- 

son to, for example, a DCMS discharge of Hf or Zr in Ar and O 2 

tmosphere, which showed IEDFs with energies extending up to 

00 eV [61] . The here measured IEDFs, however, are comparable to 

bservations in other reactive HPPMS discharges of Cr-Al [27] and 

on-reactive sputtering of V-Al-C [62] . The extended energetic tail 

an be associated with the remaining kinetic energy of the sput- 

ered species after transport through the gas phase or it may origi- 

ate from the time-variation of the plasma potential during HPPMS 

ulses and the subsequent acceleration of the ions over the mod- 

lated sheath potential [63] . As the most probable energy range of 

 ± 1 eV encompasses 89% of the total ion population, the from 0 

grounded) to -150 V varied substrate bias potential resulted in a 

ost probable E ranging from 4 to 154 eV for singly-charged ions. 
k 
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Fig. 2. Time-averaged IEDFs of (a) gaseous and (b) sputtered film-forming species, for V-Al HPPMS discharge in an Ar and N 2 atmosphere. 
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Considering that Ar, V, Al, N 2 , and N species present in the 

lasma having different masses, the average mass of the ions ir- 

adiating the surface is calculated to be m a v e = 40.08 amu under 

he here measured plasma condition. This is very close to the mass 

f Ar, m Ar = 39.95 amu. Therefore, Ar + ions were utilized to simu- 

ate the average momentum transfer in high energy plasma-surface 

nteractions as mentioned in Section 3 . 

.2. Film composition 

Chemical composition depth profiles from thin films grown on 

i (not shown) revealed homogeneous distributions of V, Al, and 

 for the probed depth of up to 220 nm from the surface. Table 

1 of the supplementary material summarizes the chemical com- 

osition of all synthesized thin films. All films exhibited chemi- 

al compositions in the range of 20.7 to 23.5 at.% for V, 25.7 to 

7.2 at.% for Al, and 50.8 to 52.0 at.% for N were obtained and the

aximum statistic uncertainty was < 0.4 at.%, while the sum of Ar 

nd O impurities was < 1 at.%. According to predictions by Rueß

t al. [26] , the maximum nitrogen content of 52 at.% changes the 

lastic modulus of (V 0.5 Al 0.5 ) 1-y N y below 5 GPa with respect to the

lastic modulus of stoichiometric composition. Therefore, the here 

btained composition-induced change in elastic modulus is with 

.1% significantly lower than the stress-induced changes of up to 

.4% when comparing stress states of -4 and 0 GPa. Thus, while the 

tress-induced change in elastic modulus is significant, the chem- 

cal composition differences affect the elasticity only marginally. 

ased on the data presented in Table S1, an average film composi- 

ion of (V 0.46 ±0.01 Al 0.54 ±0.01 ) 0.49 ±0.02 N 0.51 ±0.02 . can be calculated. For 

he remaining discussion the more concise composition description 

f (V 0.46 Al 0.54 ) 0.49 N 0.51 is used. 

.3. Structural analysis 

The phase formation of thin films grown with different ion ki- 

etic energy was probed by XRD and is shown in Fig. 3 for (a)

i(001) and (b) α-Al 2 O 3 (0001) substrates. 

The diffractograms reveal the formation of a single phase 

etastable cubic (V 0.46 Al 0.54 ) 0.49 N 0.51 solid solution, independent 

f E k and the substrate material. No evidence for the presence of 

econdary phases, e.g. hexagonal AlN [64] , was obtained. At E = 4 
k 

5 
V, films with (111) preferred orientation are observed. As the sub- 

trate bias potential and hence E k is increased, the intensity of the 

111) diffraction peak reduces and a close to random orientation is 

bserved at E k = 74 and 104 eV. The (200) peak intensity reaches 

 maximum at E k = 154 eV. Furthermore, the cross-sectional and 

lan-view SAED patterns of low and high energy-deposited films 

Figure S1 of the supplementary material) reveal, consistent with 

RD data, the formation of a single-phase cubic structure. Further- 

ore, the XRD shown in Fig. 3 , and the cross-sectional SAED pat- 

erns presented in Figure S1 (a), (b), and (c) indicate the change 

n preferred orientation from (111) to (100) as E k = 4 eV is in- 

reased to E k ≥ 104 eV. The evolution of the preferred orienta- 

ion can be understood by comparing the surface energies of corre- 

ponding planes. In the case of isostructural Ti 0.50 Al 0.50 N, Forslund 

t al. [65] have theoretically obtained the surface energies ( E sur f ) of 

he (100) plane, E ( 100 ) 
sur f 

= 1.34 J/m 

2 , (110) plane, E ( 110 ) 
sur f 

= 3.39 J/m 

2 

unrelaxed supercell), and (111) plane, E ( 111 ) 
sur f 

= 4.20 J/m 

2 . During 

rowth under relatively low mobility condition, E k = 4 eV, adatoms 

ave a higher probability to be incorporated into the high energy 

nd low diffusivity (111) surface than in the low energy (high dif- 

usivity) planes resulting in the kinetically limited, upward growth 

f (111) planes. However, as the ion kinetic energy is increased to 

 k > 74 eV, enhanced adatom mobility favors the incorporation of 

datoms into the low energy (200) surface in addition to the high 

nergy (111) surface. These observations are also consistent with 

he preferred orientation evolution reported for the ion assisted 

rowth of isostructural binary TiN, ScN and VN thin films [66-69] . 

.4. Morphological evolution 

Next, the influence of E k on the morphology of 

V 0.46 Al 0.54 ) 0.49 N 0.51 thin films is probed by cross-sectional and 

lan-view BF-STEM, see Fig. 4 . 

Thin films deposited with low E k ≤ 24 eV exhibit a pro- 

ounced coarse-grained columnar morphology with an average 

olumn width of 100 ± 20 nm ( Fig. 4 (a), (b), (f), and (g)) elon-

ated along the growth direction. The conditions are corresponding 

o low-temperature, low-energy ion irradiation [17] , in which the 

imited nucleation rate promotes competitive columnar growth. In 

ddition, limited surface diffusion may cause formation of under- 

ense regions at the grain boundaries. At E ≥ 74 eV, formation of 
k 
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Fig. 3. Structure evolution of (V 0.46 Al 0.54 ) 0.49 N 0.51 thin films deposited on (a) Si(001) and (b) α-Al 2 O 3 (0001) substrates, for different kinetic energy of ionized species. 

Fig. 4. Cross-sectional (top) and plan-view (bottom) BF-STEM images of (V 0.46 Al 0.54 ) 0.49 N 0.51 deposited on Si with ion kinetic energies of (a) and (f) 4 eV, (b) and (g) 24 eV, 

(c) and (h) 74 eV, (d) and (i) 104 eV, (e) and (j) 154 eV. The scale bar in (j) is valid for all the micrographs. 
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 fine-grained microstructure is observed ( Fig. 4 (c) – (e) and (h) –

j)). The evolution of fine-grained nanocrystalline structure under 

on irradiation with E k ≥ 74 eV is consistent with the extended 

tructure zone diagram proposed by Anders [70] and may be ra- 

ionalized by ion irradiation-induced defect formation resulting in 

enucleation. 

Although significant ion irradiation-induced alterations in mor- 

hology were observed, the X-ray reflectivity (XRR) data presented 

n Figure S2 of the supplementary material revealed a compara- 

le mass density of 4.86 ± 0.08 and 4.88 ± 0.06 g/cm 

3 for thin 

lms deposited with E k = 24 and 104 eV, respectively. However, 

t has to be considered that XRR was performed on a set of very 

hin samples (~ 70 nm) grown under identical conditions as the 

lms with a thickness > 2 μm in order to minimize surface rough- 

ess, which would otherwise hamper the reflection of the X-ray 
6 
eam. To investigate the morphological evolution as a function of 

he film thickness, TEM was carried out for the thin films grown 

ith E k = 24 and 104 eV. The micrographs presented in Fig. 5 

how the initial growth at the substrate ((a) 24 eV, (b) 104 eV) 

nd the near-surface regions ((c) 24 eV, (d) 104 eV). 

The cross-sectional BF-TEM images in Fig. 5 (a) and (b) re- 

eal similar growth initiation pathways (first 100 nm) independent 

f E k as indicated by the blue dashed rectangles. However, at a 

hickness of ~ 500 nm, the ion energy-induced differences in mor- 

hology are evident. At E k = 24 eV competitive columnar grain 

rowth with inter-columnar pores, apparent from the white re- 

ions in the columnar grain boundaries as marked by the orange 

rrows, are formed. It is reasonable to assume that this is due to 

imited adatom mobility [17] . A clear indication of the pores was 

bserved in plan-view TEM micrograph from the near-surface re- 
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Fig. 5. Cross-sectional (top) and plan-view (bottom) TEM micrographs of (V 0.46 Al 0.54 ) 0.49 N 0.51 deposited on Si with ion kinetic energies of (a) and (c) 24 eV and (b) and (d) 

104 eV, respectively. The blue dashed rectangles show the near substrate regions and the orange arrows depict the pores at near-surface regions. The scale bar in (d) is valid 

for all the micrographs. 
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s k 
ion of the thin film with E k = 24 eV in Fig. 5 (c) as marked by or-

nge arrows. It can reasonably be expected that such porous inter- 

olumnar regions lead to a reduction in the overall mass density 

f the low energy deposited films, which could not be verified by 

RR measurements on the ~ 70 nm thick films. The faceted colum- 

ar growth observed in films deposited at low energy of E k = 24 

V results in surface roughness value of R a = 42 ± 6 nm. There- 

ore, it is reasonable to assume that atomic shadowing induced by 

urface roughness leads to the formation of underdense regions at 

he grain boundaries [17] . In contrast, at E k = 104 eV, the en- 

anced adatom mobility leads to a reduction of surface roughness 

y 55% to R a = 18 ± 6 nm and hence, growth of a fine-grained

orphology with dense grain boundaries ( Fig. 5 (d)). 

.6. Mechanical properties 

Ion irradiation-induced densification is often accompanied by 

eneration of compressive residual stresses with reported values of 

p to -9.1 GPa [71] . The consequences of variation in the E k on the

esidual stress state are presented in Fig. 6 (a). The obtained ther- 

al stress contributions ( σ thermal ) to the overall residual stresses 

t �T = 430 K are + 1.4 and + 0.6 GPa for (V 0.46 Al 0.54 ) 0.49 N 0.51 thin

lms deposited on Si and α-Al 2 O 3 , respectively. For films grown at 

E k = 4 eV, a tensile residual stress of 0.3 ± 0.2 GPa and a com- 

ressive residual stress of -1.1 ± 0.2 GPa for the films deposited 

n Si and α-Al 2 O 3 , respectively, were obtained. The substrate ma- 

erial induced-differences between σ residual appear to be due to 

he differences in the σ values, which originate from the 
thermal 

7 
ifferences in the linear thermal expansion coefficients of the Si 

2.5 × 10 −6 K 

−1 ) and α-Al 2 O 3 (5.5 × 10 −6 K 

−1 ) substrates and the 

hin films (8.2 × 10 −6 K 

−1 ). For higher E k , a significant increase 

n compressive stress was measured up to a maximum of -3.3 ±
.4 and -4.2 ± 0.4 GPa at E k = 104 eV for the films deposited on 

i and α-Al 2 O 3 , respectively. For even higher E k , stress relaxation 

ccurred as compressive residual stress is reduced by 61% and 55% 

or the films deposited on Si and α-Al 2 O 3 , respectively. 

The elastic modulus values are shown as a function of E k in 

ig. 6 (b). They vary marginally from 440 to 431 GPa and from 462 

o 445 GPa for the films deposited on Si and α-Al 2 O 3 , respectively.

hin films deposited on the α-Al 2 O 3 substrate exhibit up to 25 GPa 

igher values of the elastic modulus in comparison to the films 

rown on Si. This increase might partially be rationalized based on 

he difference between the measured residual stress state of films 

eposited on Si and α-Al 2 O 3 of up to 1.5 GPa. This stress state dif-

erence corresponds to ~15 GPa difference in elastic modulus as 

alculated theoretically by Rueß et al. [26] . Hence, the difference 

n the thermal residual stress state caused the enhancement of 

lasticity of the films grown on α-Al 2 O 3 . A stress-dependent elas- 

icity was also demonstrated for Cr 0.8 Al 0.2 N [27] and Ti 0.53 Al 0.47 N 

28] experimentally as well as by DFT simulations. Furthermore, no 

ignificant change in the elastic modulus can be observed for the 

V 0.46 Al 0.54 ) 0.49 N 0.51 thin films deposited at various E k regardless 

f their residual stress state, Fig. 6 (a) and (b). This is in contrast 

o the stress induced-elasticity calculations by Rueß et al. [26] . Ad- 

itionally, an increase of ~ 12% in indentation hardness was ob- 

erved, independently of the substrate material, as E is increased 
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Fig. 6. (a) Residual stress ( σ residual ), (b) elastic modulus (E), and (c) nanoindentation 

hardness (H) as a function of ion kinetic energy, obtained from thin films deposited 

on Si and α-Al 2 O 3 substrates. 
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rom 4 to 154 eV, Fig. 6 (c). The slight increase in hardness might

e attributed to the evolution of a fine-grained structure and resid- 

al compressive stress state in the thin films at higher ion kinetic 

nergies [72] . 

.7. DFT-based thermal spike model 

In order to understand the above-discussed discrepancy be- 

ween theory [26] and experiment, a DFT-based thermal spike 

odel was utilized to mimic the ion irradiation effect at the atom- 

stic scale. It has to be mentioned that the model describes ex- 

lusively ion irradiation effects and does not include the growth- 

elated mechanisms such as renucleation and morphological alter- 

tion, which are observed experimentally. Ar + ions were utilized 

ere to simulate the average momentum transfer in high energy 

lasma-surface interactions. The nominal theoretical composition 

f V 0.5 Al 0.5 N was chosen to represent the average film composition 

f (V 0.46 Al 0.54 ) 0.49 N 0.51 . 

Fig. 7 exhibits the final V 0.5 Al 0.5 N(200) atomic configurations 

fter thermal spikes, representing E k up to 233 eV. Firstly, the 

issipation of the primary energy from irradiation provides the re- 

uired activation energy for not only surface but also sub-surface 

iffusion of the atoms. This observation is consistent with the no- 

ion of irradiation (subplantation)-induced sub-surface diffusion in 

-(V,Al)N, which has been argued to be enabled experimentally by 

ontrolling the ion energy of irradiating species above the lattice 
8 
isplacement threshold [9] . It is also evident from Fig. 7 that the 

ctivation of sub-surface diffusion, consequently, leads to forma- 

ion of self-interstitial/vacancy point-defect pairs (Frenkel pairs), 

hich remain frozen within the structure. Formation of Frenkel 

airs has also been discussed in the case of isostructural TiN 

54] and Cr 0.8 Al 0.2 N [27] . The increase in E k is accompanied by an

ncrease in the population of point defects, Fig. 7 . However, above a 

ertain threshold of input ion energy, E k > 165 eV, a great number 

f surface atoms gain enough mobility leading to resputtering and 

morphization of the near-surface regions. Mobility of the species 

bove the lattice displacement threshold from the surface is ob- 

erved not only for the N atoms but also for Al and V species form-

ng different vacancy sites. In addition, the largest thermal spike 

mployed, representing an ion irradiation energy of E k = 233 eV, 

eems to promote defect annihilation as the surface of the super- 

ell is partially recovered as indicated by the orange dashed square 

n the corresponding configuration in Fig. 7 . 

The defect structures ( Fig. 7 ) explicitly consider the ion irradi- 

tion effects, which are expected to determine the ground-state 

roperties of c-V 0.5 Al 0.5 N. The calculated lattice parameters as a 

unction of E k are compared to the experimentally measured val- 

es from the (200) lattice plane in Fig. 8 (a). When the ion energy

s increased from 0 to 165 eV, an increase in the predicted lattice 

arameter values from 4.114 to 4.139 Å is observed. Higher ion ki- 

etic energy of 233 eV, however, results in a reduction of lattice 

arameter to 4.126 Å. Although a slight deviation of below 0.4% is 

btained between the absolute values at E k ~ 0 eV, there is an ex- 

ellent agreement between theoretical and experimental lattice pa- 

ameter evolution of (V , Al)N with respect to E k . It is important to 

ention that the ab initio calculations corresponding to E k ~ 0 eV 

re performed on an ideal structure (single crystal) without pres- 

nce of any defects. However, the experimentally obtained poly- 

rystalline thin films, even at low ion kinetic energies ( E k = 4 eV), 

ontain microstructural defects such as pores and grain boundaries 

hich were not considered in the DFT-based model. 

The resulting evolution of the lattice parameter is associated 

ith the generation of intrinsic stresses as shown in Fig. 8 (b). 

ere, the theoretical intrinsic stress corresponding to each de- 

ect structure is calculated by considering the ion kinetic energy- 

nduced volume change with respect to the equilibrium volume of 

he ideal defect-free structure at E k = 0 eV. The volume change is 

hen converted into a stress value by utilizing the fitted equation 

f state. 

The here calculated intrinsic stress states are directly connected 

o the generation of point defects due to ion irradiation. So far, ab 

nitio based simulations which systematically consider ion energy- 

nduced changes of the stress state have neither been reported for 

inary TMNs nor ternary (TM , Al)Ns. The steep increase in the the- 

retical intrinsic compressive stress is accompanied by stress relax- 

tion as the E k is increased. This trend is consistent with the ex- 

erimental evolution of intrinsic stress. It should be noted that in 

he DFT-based thermal spike model, only point defects are consid- 

red and slight discrepancies in the absolute values of theoretically 

nd experimentally obtained σ intrinsic might be due to other micro- 

nd macro-stresses such as peening effects at the grain boundaries, 

hich are not treated by DFT in this study. 

Fig. 8 (c) and (d) summarize the population of Frenkel 

airs (self-interstitial/vacancy pairs) and vacancies formed in 

 0.5 Al 0.5 N(200) as a function of E k , respectively. Although, the con- 

urrent generation of both defect types is evident, at lower kinetic 

nergies ( E k ≤ 165 eV), the population of Frenkel pairs is domi- 

ant over the vacancy population. Contrary, at E k > 165 eV, en- 

ancement of adatom mobility and diffusivity lead to annihilation 

f Frenkel defects and promote the formation of vacancies. It is 

vident that at 165 eV the maximum population of Frenkel pairs 

f around 3%, the largest lattice parameter, and the maximum in- 
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Fig. 7. Thermal spike model for V 0.5 Al 0.5 N(200) corresponding to energetic ion irradiations. The initial kinetic energy of impinging ion E k is shown above each final defect 

structure. In the defect structure with E k = 233 eV, a dashed square (in orange) represents a recovered surface region due to defect annihilation. 

Table 1 

The calculated formation energies of Frenkel pairs ( E F 
species 

) and va- 

cancies ( E V 
species 

) in V 0.5 Al 0.5 N. 

Formation 

energies 

Species (defect type) 

N Al V 

E F 
species 

(eV) 6.52 6.71 7.89 

E V 
species 

(eV) 1.59 1.67 1.97 
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rinsic compressive stress is obtained. Table 1 lists the calculated 

ormation energies of single Frenkel pairs ( E F 
species 

) and vacancies 

 E V 
species 

). 

The here presented formation energies for nitrogen point de- 

ects, E F N = 6.52 eV and E V N = 1.59 eV, are very similar to the calcu-

ated values for a nitrogen Frenkel pair [54] and vacancy [73] for- 

ation in the isostructural TiN of 7.1 and 2.4 eV, respectively. In 

eneral, the results displayed in Table 1 show lower formation 

nergies for nitrogen point defects in comparison to the metallic 

oint defects. This results in a factor of 2 to 5 higher populations 

f both, N-Frenkel pairs as well as N-vacancies, according to the 

ere utilized thermal spike model, see Fig. 8 (c) and (d). More- 

ver, it can be observed that higher E k leads also to the formation 

f both V and Al point defects. While the formation energies of 

renkel pairs are calculated to be higher than of the vacancies, the 

igh E k of tens of eV is expected to be sufficient to form Frenkel 

airs as well. The dynamics of the Frenkel pair formation is also 

bserved in the classical MD simulations for the isostructural TiN 

54] . 

In order to disentangle the contributions of Frenkel pairs and 

acancies to the lattice parameter as well as residual stress state, 

heir relative changes caused by 0.2% point defect population 

presence of one point defect in the supercells with 512 atoms) 

s investigated and compared to a pristine supercell with 0% point 

efect population. The results are summarized in Fig. 8 (e) and (f), 
9 
espectively. While the presence of Frenkel pairs causes an increase 

n the lattice parameter with maximum of 0.2% relative change for 

n Al-Frenkel pair, the presence of vacancies results in a reduction 

f lattice parameter, with maximum of -0.08% relative change for 

n Al-vacancy, independent of the defect species, Fig. 8 (e). Hence, 

he presence of point defects causes the expansion and/or con- 

raction of the lattice which in turn affects directly the intrinsic 

tresses within the structure. 

The stress states generated due to the presence of 0.2% N-, Al- 

 and V-Frenkel pairs are -0.4, -0.7, and -0.6 GPa compressive and 

ue to the presence of 0.2% N-, Al-, and V-vacancies are with 0.2, 

.4, and 0.4 GPa tensile, see Fig. 8 (f). By considering the popula- 

ion difference between the Frenkel defects and vacancies gener- 

ted at each E k , the maximum compressive stress formed in the 

tructure at E k = 165 eV is defined by the highest population of 

renkel pairs, Fig. 8 (d). In contrast, at E k = 233 eV, the popu- 

ation of vacancies formed due to the high mobility of atoms in- 

reases at the expense of the annihilation of Frenkel pairs, which 

oncurrently causes lattice stress relaxation. Hence, the evolution 

f the lattice parameter and stress state upon variation of E k can 

e attributed to the formation and annihilation of different types 

f point defects. The correlation between the stress relief and the 

ynamic defect annihilation has also been discussed in the litera- 

ure. Davis [74] proposed a model, in which stress relaxation was 

ttributed to ion irradiation-induced thermal spikes. In addition, 

cKenzie [75] suggested that thermal spikes result in atomistic 

cale melting and defect annihilation thereby, enabling stress re- 

axation. 

To evaluate the influence of irradiation induced-changes in the 

efect structure and stress state on the elasticity of (V,Al)N, elas- 

ic modulus was calculated for each thermal spike configuration at 

00 K (near room temperature) from the Debye-Grüneisen model. 

he results are presented in Fig. 9 . The elastic modulus of stress- 

ree V 0.5 Al 0.5 N at E k = 0 eV is calculated to be 472 GPa. As E k is

ncreased to 165 eV, an 11% reduction in elastic modulus to 425 
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Fig. 8. Calculated and measured lattice parameter (a) and intrinsic stress (b) of (V,Al)N with respect to the ion kinetic energy. Population of Frenkel pairs (c) and vacancies 

(d) from the DFT thermal spike model with respect to the ion kinetic energy. Calculated lattice parameters (e) and intrinsic stresses (f) in the presence of 0.2% lattice defects. 
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Pa is obtained, which converges to 427 GPa at E k = 233 eV. This 

ignificant reduction in elastic modulus is associated with the gen- 

ration and population of point defects. 

Moreover, according to Rueß et al. [26] , the presence of -2 GPa 

ompressive stress increases the predicted elastic modulus by ~

8 GPa, hence, an increase by 4% independent of E k . Enhance- 

ent of the elasticity due to presence of compressive stress is at- 

ributed to the pressure-induced bond strengthening [ 26 , 27 , 76 , 77 ].

or comparison, the experimentally determined elastic moduli 

f (V 0.46 Al 0.54 ) 0.49 N 0.51 thin films deposited on Si and α-Al 2 O 3 

ubstrates are also shown in Fig. 9 . While thin films deposited 

t different kinetic energies exhibit structural and stress state 
10 
lterations, the elastic moduli show no significant dependence 

n E k . 

Ab initio simulations reveal that the measured elastic modulus, 

hich is apparently unaffected (within the measurement error) 

y changes in the ion kinetic energy, can be rationalized by the 

oncurrent ion irradiation-induced point defect formation (causing 

 decrease in elastic modulus) and compressive stress generation 

causing an increase in elastic modulus). At E k = 4 eV, the mea- 

ured elastic moduli show ~8% - 10% lower values in comparison 

o the calculated elasticity data, which can readily be explained by 

he experimentally verified (see Fig. 5 ) presence of pores induced 

y limited adatom mobility during growth of the films. Besides the 
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Fig. 9. Calculated and measured elastic moduli of (V,Al)N as a function of ion ki- 

netic energy. 
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light deviation at low E k , there is a very good agreement between 

he experimentally measured and predicted elasticities for the re- 

aining ion kinetic energy range. 

. Conclusions 

The influence of the ion kinetic energy ( E k ) on the struc- 

ure evolution and mechanical properties of (V,Al)N layers de- 

osited by HPPMS has been systematically investigated by cor- 

elation of experiments and DFT simulations. Single-phase cubic 

V 0.46 Al 0.54 ) 0.49 N 0.51 films were grown on both Si and α-Al 2 O 3 sub-

trates in the E k range from 4 to 154 eV. At low E k ≤ 24 

V, an underdense microstructure with columnar grains, preferred 

111) orientation, and low intrinsic stress state of -1.1 GPa was 

bserved. Increasing the E k to 104 eV resulted in the evolution 

f a fine-grained structure, free of pores. Concurrent with the ion 

rradiation-induced densification, which was revealed by TEM mi- 

rographs, a significant increase in compressive intrinsic stress up 

o a maximum value of -4.8 GPa at 104 eV was measured, followed 

y an ion irradiation-generated stress relaxation to -2.7 GPa at 154 

V. Excellent agreement between the experimental and ab initio 

imulations of ion irradiation-induced stress state evolution was 

bserved. In contrast to film density and residual stress state, the 

xperimentally determined elastic modulus appears to be indepen- 

ent of ion energy. This unexpected behavior can be understood 

ased on ab initio data: While an increase of E k during growth of 

V,Al)N thin films results in the formation of Frenkel defects (caus- 

ng a decrease in elastic modulus), concomitantly also compressive 

tresses are generated (causing an increase in elastic modulus), re- 

ulting in an apparently ion energy independent-elastic modulus. It 

s evident that the evolution of film stress and mechanical proper- 

ies can be rationalized based on the here presented ab initio data, 

apturing the complex interplay of ion irradiation-induced defect 

eneration and annihilation. 
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