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Abstract 

 

We review results on the growth of metastable Ti1-xAlxN alloy films by hybrid high-power 

pulsed and dc magnetron co-sputtering (HIPIMS/DCMS) using the time domain to apply 

substrate bias either in synchronous with the entire HIPIMS pulse or just the metal-rich portion of 

the pulse in mixed Ar/N2 discharges. Depending upon which elemental target, Ti or Al, is 

powered by HIPIMS, distinctly different film-growth kinetic pathways are observed due to 

charge and mass differences in the metal-ion fluxes incident at the growth surface. Al+ ion 

irradiation during Al-HIPIMS/Ti-DCMS at 500 C, with a negative substrate bias Vs = 60 V 

synchronized to the HIPIMS pulse (thus suppressing Ar+ ion irradiation due to DCMS), leads to 

single-phase NaCl-structure Ti1-xAlxN films (x ≤ 0.60) with high hardness (> 30 GPa with x > 

0.55) and low stress (0.2–0.8 GPa compressive). Ar+ ion bombardment can be further suppressed 

in favor of predominantly Al+ ion irradiation by synchronizing the substrate bias to only the 

metal-ion-rich portion of the Al-HIPIMS pulse. In distinct contrast, Ti-HIPIMS/Al-DCMS 

Ti1-xAlxN layers grown with Ti+/Ti2+ metal ion irradiation and the same HIPIMS-synchronized Vs 

value, are two-phase mixtures, NaCl-structure Ti1-xAlxN plus wurtzite AlN, exhibiting low 

hardness (≃18 GPa) with high compressive stresses, up to -3.5 GPa. In both cases, film 
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properties are controlled by the average metal-ion momentum per deposited atom dp  

transferred to the film surface. During Ti-HIPIMS, the growing film is subjected to an intense 

flux of doubly-ionized Ti2+, while Al2+ irradiation is insignificant during Al-HIPIMS. This 

asymmetry is decisive since the critical dp limit for precipitation of w-AlN, 135 [eV-amu]1/2, is 

easily exceeded during Ti-HIPIMS, even with no intentional bias. The high Ti2+ ion flux is 

primarily due to the second ionization potential (IP2) of Ti being lower than the first IP (IP1) of 

Ar. New results involving the HIPIMS growth of metastable Ti1-xAlxN alloy films from 

segmented TiAl targets are consistent with the above conclusions. 

 

Keywords: HIPIMS; HPPMS; TiAlN; ionized PVD 
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I. Introduction 

Metastable NaCl-structure Ti1-xAlxN alloy films with high hardness and high-temperature 

oxidation resistance are obtained by physical vapor deposition during kinetically-limited low-

temperature growth incorporating dynamic low-energy ion-irradiation-induced mixing in the 

near-surface region. In conventional dc magnetron sputtering (DCMS), reported AlN kinetic 

solubility limits in cubic alloys are typically xmax ≃ 0.50 at film growth temperatures Ts = 500 

°C,1,2 while xmax values up to 0.66 have been reported using cathodic arc evaporation3 with a 

substrate bias of -100 V.4 However, both sets of films exhibit extremely high compressive 

stresses ranging up to -5 GPa for DCMS5 and -9.1 GPa for arc-deposited films.6 

 There is a large literature on the use of rare-gas ion bombardment of the growing film 

during low-temperature sputter deposition in order to increase film density,7,8,9 improve 

film/substrate adhesion via interfacial mixing,10,11,12,13 enhance crystallinity and control texture 

through collisionally-enhanced adatom mean free paths,14,15,16 form metastable phases through 

ion-irradiation-induced near-surface mixing,17,18,19 etc. However, at high ion energies, a steep 

price is extracted in the form of residual ion-induced compressive stress.20,21 Early studies of 

these effects characterized differences in film growth kinetics as a function of the average ion 

energy per deposited atom 〈𝐸𝑑〉.
22,23,24 It was soon realized, however, that 〈𝐸𝑑〉, the product of the 

ion energy Ei and Ji/JMe (the ratio of the accelerated rare-gas ion flux Ji to the deposited metal 

atom flux JMe) is not a universal parameter for describing the effects of low-energy ion irradiation 

on film microstructure.25,16,15 In fact, as first shown for the growth of Ti0.5Al0.5N alloys, ion-

irradiation-induced changes in film microstructure, texture, phase composition, and nitrogen ion-

to-metal ratio follow distinctly different mechanistic pathways depending upon whether Ei or 

Ji/JMe is varied, resulting in quite different film properties for the same value of 〈𝐸𝑑〉.
25 Clearly, 
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as is now commonly recognized, the kinetic pathway for optimizing the beneficial effects of rare-

gas ion bombardment during film growth while minimizing deleterious effects, is to maintain Ei 

low (below the lattice displacement threshold, ~ 20-50 eV depending upon the ion and film 

species involved) while independently increasing Ji/JMe by, for example, magnetically-

unbalanced magnetron sputter deposition.26 

The incident ion energy Ei and ion-to-metal flux ratio Ji/JMe are decisive parameters 

controlling nanostructural evolution during low temperature (< 500 oC; Ts/Tm < 0.3 for TiN) 

physical vapor deposition of transition-metal (TM) nitrides by conventional reactive 

DCMS.17,25,27,28,29,30,31 The dominant ion species incident at the growth surface during DCMS 

with N2/Ar gas mixtures optimized to obtain stoichiometric films is typically Ar+, with N2
+ and 

N+ both contributing a few percent.32,33 The N2
+/N+ ratio increases with increasing N2/Ar fraction, 

while in pure N2 discharges the dominant ion species is N2
+.32 For magnetron sputtering, in which 

anode sheaths are typically ≤ 1 mm (that is, essentially collisionless), the average energy Ei of 

ions incident at the growing film is Ei = 
o

iE  + ne(Vs - Vpl), 25,27 in which 
o

iE  denotes the average 

energy of ions entering the anode sheath, n accounts for the charge state of the ion, and Vpl is the 

plasma potential (typically 3-10 V).26 
o

iE  corresponds to the mean value of the Sigmund-

Thompson energy distribution function for sputter-ejected atoms34 convolved with (i) the 

probability function for electron impact ionization,35 and (ii) the probability function for 

collisions with Ar neutrals between the target and the substrate. 

In addition to Ei and Ji/JMe, the average momentum transfer per deposited atom 〈𝑝𝑑〉 = 

imE2 × Ji/JMe,36,37,38 as well as the chemical nature of the ion, inert gas vs. metal, are also 

expected to play an important role in controlling structural evolution. We focus particularly on 

these latter effects in this review and use, as a model system, metastable TiAlN alloy films with a 
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phase content which is very sensitive to ion irradiation conditions during growth. In order to 

exploit this fact, hybrid deposition systems in which high-power pulsed magnetron sputtering 

(HIPIMS)39 is combined with a conventional dc magnetron (DCMS) have been 

employed.40,41,42,43 Two features of HIPIMS render this technique particularly attractive for 

growth of metastable TM nitride alloys: (i) the ability to ionize up to 90% (depending upon the 

metal and power level applied per pulse) of the sputtered metal flux,44 and (ii) the time separation 

of metal- and gas-ion fluxes at the substrate.45 HIPIMS/DCMS co-sputtering has also been 

investigated for obtaining a higher ionization degree of sputtered species without significant loss 

of deposition rate.46,47,48 

 In Sec. II, we discuss the results of energy-analyzed mass spectrometry measurements 

performed to determine ion-energy distribution functions (IEDFs) at the substrate position for Al 

and Ti targets operated in HIPIMS and DCMS. The distinctly different flux distributions obtained 

from targets driven in HIPIMS vs. DCMS modes allow the effects of individual metal-ion fluxes, 

Aln+ vs. Tin+ (n = 1,2), on film growth kinetics and film properties, to be studied separately.40 

Results for the growth of Ti1-xAlxN films with AlN-concentrations 0.40 ≤ x ≤ 0.74 using different 

target arrangements, Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS, are reviewed in Sec. III. 

Proper selection of the incident metal-ion irradiation (in this case, Al+ ions in the Al-HIPIMS/Ti-

DCMS target configuration) provides the ability to grow fully-dense single-phase cubic Ti1-xAlxN 

films with high-AlN concentrations, combining high hardness and low residual stress, all of 

which are difficult to achieve by either DCMS alone or by cathodic arc deposition. The high flux 

of Ti2+ ions present during Ti-HIPIMS/Al-DCMS is detrimental to the properties of metastable 

Ti1-xAlxN alloys; the resulting high momentum transfer to the growing film surface results in 

precipitation of softer wurtzite-structure AlN grains. 
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  The chemical nature of the incident ion, inert gas vs. metal, also plays an important role 

in controlling film nanostructure evolution. This issue is addressed in Sec. IV using the time 

domain to apply substrate bias either in synchronous with the entire HIPIMS pulse or just the 

metal-rich portion of the HIPIMS pulse, during Al-HIPIMS/Ti-DCMS growth of Ti1-xAlxN films 

with a fixed composition, x = 0.61.42 Energetic Al+ ions cause sufficient lattice-atom 

displacements to eliminate film porosity, and, as opposed to Ar, are primarily incorporated in 

lattice sites resulting in low residual stress and single-phase films. 

 The effects of varying metal-ion energy Ei vs. momentum pi on the nanostructure, phase 

composition, and stress of Ti1-xAlxN alloys, with x ≃ 0.6, are reviewed in Sec. V. Metal-ion 

energy is varied selectively by applying a bias, ranging from 20 to 280 V, to the substrate in 

synchronous with the metal-rich part of the HIPIMS pulse, minimizing the effect of concurrent 

gas-ion bombardment.43 The phase composition of TiAlN alloy films, and the resulting 

mechanical properties, are shown to be determined primarily by the average metal-ion 

momentum transfer per deposited atom 〈𝑝𝑑〉. In the case of irradiation with higher-mass film 

constituents such as Ti, which have a significant concentration of multiply-charged metal ions, 

〈𝑝𝑑〉 easily exceeds the threshold necessary to cause precipitation of w-AlN even when no 

intentional bias is applied. 

 In Sec. VI, new results are presented showing that the detrimental role of Ti2+ ion 

irradiation is also evident in the case of Ti1-xAlxN layers, 0.32 ≤ x ≤ 0.76, deposited from single 

segmented TiAl targets operated in HIPIMS mode. HIPIMS growth of high-AlN-content 

metastable Ti1-xAlxN films with high hardness and low residual stress is still possible, but requires 

precise control of metal ion charge state (1+ vs. 2+). 
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II. Mass and energy analyses of ions incident at the substrate during HIPIMS and DCMS 

Knowledge of the mass, flux, and energy distribution of each ion species incident at the 

film growth surface is essential for establishing the relationship between plasma process 

parameters and the properties of resulting thin films. In the case of pulsed-plasmas such as 

HIPIMS, the time evolution of ion fluxes is also important. Thus, we begin with mass and energy 

analyses in which the spectrometer orifice is placed at the substrate position (target-substrate 

separation = 18 cm) facing the target. Ion-energy-distribution functions (IEDFs) are plotted in 

Figure 1 for Al and Ti targets sputtered separately in both HIPIMS and DCMS modes using 

1.0:0.2 Ar:N2 gas mixtures at a total pressure Ptot = 0.4 Pa (3 mTorr). Ar flow is set at 350 

cm3/min (sccm), while the N2 flow is controlled by a feedback loop to maintain Ptot constant at 70 

sccm. The DCMS data are acquired in time-averaged mode, while the HIPIMS data are obtained 

in time-resolved mode during the 20 s window in which the target current densities are at their 

maximum values (1.14 A/cm2 for Ti and 0.39 A/cm2 for Al). Additional details of the sputtering 

system, mass spectrometer, and data analysis procedures are given in Ref. 49.  

Fig.1 shows that, independent of the target (Al or Ti), sputtering in the DCMS mode yields 

a continuous flux of low-energy ions, Ei ≃ 2 eV, dominated by Ar+ (85%) with minor 

contributions from Al+ or Ti+ (6-10%) and N2
+ (5-8%) ions. In contrast, during HIPIMS pulses, 

high-intensity fluxes of energetic metal ions are obtained with the metal-ion fraction in the 

ionized flux bombarding the film surface increasing to 27% for Al+ and 25% for Ti+/Ti2+ ions, 

comparable to that of Ar+ ions (27-37%) and larger than for N2
+ ions (12-22%). The contribution 

of metal-ions to the total ion flux depends on both the peak target current density JT and the phase 

of the high-power pulse, as discussed in Sec. IV. Co-sputtering in a hybrid configuration in which 

one target is operated in HIPIMS, while the other is operated in DCMS mode, provides an 
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opportunity to probe the effect of individual energetic metal ion fluxes, Aln+ vs. Tin+, on the 

growth of metastable Ti1-xAlxN films. Total metal deposition between HIPIMS pulses is < 210-3 

ML. Thus, newly-deposited film atoms are exposed to incident metal ion irradiation during the 

subsequent HIPIMS pulse. 

A crucial difference between HIPIMS operation of Ti and Al targets is the contribution of 

doubly-ionized metal-ions. As illustrated in Fig. 2, where the pulse-averaged fraction of doubly-

charged metal-ions is plotted as a function of peak target current density JT during Ti-HIPIMS, an 

intense flux of Ti2+ ions is detected which, depending on JT, is between 2 and 26% of the total 

metal-ion flux at the substrate position. However, for Al-HIPIMS, Al2+ is < 0.05% of the total 

metal flux even for JT as high as 1.5 A/cm2. Thus, for all values of JT, the relative contribution of 

doubly-charged metal-ions is two to three orders of magnitude higher during Ti-HIPIMS. This 

asymmetry becomes decisive upon application of a moderate substrate bias voltage as discussed 

in Sec. III.  

The primary reason for the large difference in Ti2+ vs. Al2+ fluxes is the correspondingly 

large difference in second-ionization potentials (IP2). For HIPIMS plasmas, the primary 

ionization mechanism is due to electron impact,35 thus the relative metal and gas IP values are 

key. The second ionization potential of Al (18.83 eV) is significantly higher than the first IP (IP1) 

of Ar (15.76 eV), N2 (15.55 eV), and N (14.50 eV).50 In addition, the short plasma transit time of 

the relatively low-mass sputter-ejected Al atoms (mAl = 26.98 amu) further decreases the 

probability for multiple ionization events. For sputtered Ti atoms, IP2 (13.62 eV) is lower than 

IP1 of the gas species and the mass (mTi = 47.88 amu) is higher, thus resulting in higher Ti2+ 

fluxes. 
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III. Selective control of metal-ion fluxes during growth of TiAlN by HIPIMS/DCMS 

A hybrid HIPIMS/DCMS co-sputtering configuration, in which one elemental target (either 

Ti or Al) is powered by HIPIMS, while the other is operated as a conventional dc magnetron, has 

been used to grow metastable Ti1-xAlxN alloy films over a wide composition range (0.4 ≤  x ≤  

0.74).40,41,42,43 A negative substrate bias , Vs = 60 V, is applied only during HIPIMS pulses to 

minimize DCMS gas-ion irradiation of the growing film. The position of the substrate is fixed 

during film growth and the target-to-substrate distance is 180 mm. Switching the positions of Ti 

and Al target provides the opportunity to investigate the effects of individual energetic metal ion 

fluxes, Aln+ vs. Tin+, incident at the growth surface during HIPIMS pulses. In the Al-HIPIMS/Ti-

DCMS configuration, the average power to the Al HIPIMS target is 2.5 kW (5 J/pulse, 500 Hz, 

10% duty cycle, limited by arcing in reactive mode), resulting in a peak target current density of 

0.41 A/cm2. For experiments carried out in the Ti-HIPIMS/Al-DCMS configuration, a higher 

average HIPIMS power, 5 kW (10 J/pulse, 500 Hz, 10% duty cycle), is necessary in order to 

obtain films in the desired composition range since the Ti sputtering rate is approximately half 

that of Al. The resulting peak target current density is 1.34 A/cm2. The choice of target current 

densities has no influence on the key difference between Al-HIPIMS and Ti-HIPIMS; that is, a 

lack of doubly-ionized metal-ions in the former case, as evident from Figure 2. 

Figure 3 shows two sets of -2 scans, obtained with Cu K radiation (1.5406 Å) as a 

function of the sample tilt angle  (defined as the angle between the surface normal and the 

diffraction plane containing the incoming and diffracted x-ray beams), varied from 0° to 75° in 

steps of 5°, for Ti0.41Al0.59N alloys grown using (a) Al-HIPIMS/Ti-DCMS and (b) Ti-

HIPIMS/Al-DCMS. Despite the relatively high AlN concentration, x = 0.59, films grown in the 

Al-HIPIMS/Ti-DCMS configuration (Fig. 3(a)) are single phase, with the NaCl structure. 
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Diffraction peak positions measured at  = 35° (close to the strain-free tilt angle )51 exhibit 

large shifts toward higher 2 angles (2 = 43.36°), with respect to reference TiN powder 

patterns (2 = 42.60°),52 indicative of the incorporation of AlN into the cubic TiN lattice. In 

contrast, Ti-HIPIMS/Al-DCMS films with the same composition (Fig. 3(b)) consist of a mixture 

of cubic and wurtzite AlN phases, with volume fractions, estimated from w-AlN  and c-TiN 

002 XRD peaks intensities integrated over all  angles and normalized to integrated powder 

diffraction values, of 47% cubic and 53% wurtzite. 

The much lower diffracted peak intensities in Figure 3(b) compared to 3(a) is indicative of 

smaller average grain sizes for Ti-HIPIMS/Al-DCMS films. The relaxed cubic lattice parameter 

ao of Ti0.41Al0.59N Al-HIPIMS/Ti-DCMS films is 4.170 Å; while that of Ti-HIPIMS/Al-DCMS 

layers with the same composition is 4.213 Å. Thus, XRD results reveal markedly different film 

growth pathways for Al-HIPIMS/Ti-DCMS vs. Ti-HIPIMS/Al-DCMS leading to a significantly 

higher AlN kinetic solid-solubility limit for films grown in the Al-HIPIMS/Ti-DCMS 

configuration.  

 The above conclusions are corroborated by typical XTEM images shown in Figure 4, with 

corresponding selected-area electron diffraction (SAED) patterns, of (a) a Ti0.47Al0.53N layer 

grown in the Ti-HIPIMS/Al-DCMS configuration and (b) a Ti0.41Al0.59N film grown by Al-

HIPIMS/Ti-DCMS. Both samples exhibit dense columnar structures with no open boundaries and 

an average column diameter of 3010 nm. Despite a lower AlN concentration, x = 0.53, the 

SAED pattern from the Ti-HIPIMS/Al-DCMS film contains both cubic (111, 002, and 022) and 

wurtzite (0002 and ) diffraction rings. In contrast, the SAED pattern obtained from the x = 

0.59 layer grown under periodic Al+ bombardment from the Al-HIPIMS target, contains only 

0110

0110
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NaCl-structure diffraction rings (111, 002, and 022) indicating a single-phase film despite a 

higher AlN concentration (hence, a larger driving force for decomposition).  

The dependence of phase composition on target configuration is directly related to film 

mechanical properties as shown in Fig. 5, for which the nanoindentation hardness H and residual 

stress values  obtained from sin2 analyses of all Ti1-xAlxN films are plotted as a function of 

AlN concentration for the two target configurations. Hardness values of both Al-HIPIMS/Ti-

DCMC and Ti-HIPIMS/Al-DCMS films are approximately the same for x  0.4 (H ≃ 24 GPa) 

and for x  0.67 (H ≃ 19 GPa). However, over the intermediate AlN concentration range, 0.40 <  

x <  0.67, H(x) exhibits a strong dependence on target configuration. For Al-HIPIMS/Ti-DCMS 

Ti1-xAlxN layers, H increases with x reaching a maximum value of 30 GPa with 0.55 ≤  x ≤  0.60 

and then decreases rapidly at higher x values to ~20 GPa. In contrast, H(x) for Ti-HIPIMS/Al-

DCMS films decreases to 19 GPa with x > 0.4 and then remains approximately constant 

throughout the remaining concentration range. 

Films stress vs. concentration ((x)) results, corrected for differential thermal contraction 

th due to the samples being cooled from Ts = 500 °C to room temperature, also exhibit large 

differences between Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS Ti1-xAlxN films with 

similar compositions: while Al-HIPIMS/Ti-DCMS alloys have low compressive stresses, varying 

from -0.2 GPa with x = 0.43 to -1.3 GPa with x = 0.64, Ti-HIPIMS/Al-DCMS films have large 

compressive stresses, from -2.1 to -3.5 GPa, over the entire composition range. 

Single-phase Ti1-xAlxN alloy films with high AlN concentrations, 0.55 ≤ x ≤ 0.60, and 

grown in the Al-HIPIMS/Ti-DCMS mode, combine high hardness (H = 30 GPa) with low 

residual stress ( -0.8 GPa), a set of properties difficult to achieve by either DCMS alone or by 
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cathodic arc deposition, for which high H values are typically the result of high compressive 

stress which can range from -3.1 (ref. 3) to -9.1 GPa.6 For DCMS and cathodic arc films, both H 

and  decrease during post-annealing53 (or during elevated-temperature applications such as 

high-speed machining) as residual point defects are annealed out. This does not occur with the 

Al-HIPIMS/Ti-DCMS Ti1-xAlxN films. In fact, upon post-deposition annealing at 900 °C, 

Ti0.41Al0.59N film hardness actually increases to 33 GPa due to the formation of coherent cubic 

AlN via spinodal decomposition.41 

The results achieved during Al-HIPIMS/Ti-DCMS deposition are attributed to a 

combination of kinetically-limited growth and dynamic near-surface mixing, the latter due 

predominantly to Al+ and Ar+ ion irradiation during HIPIMS pulses. The lack of multiply-

charged metal ions during Al-HIPIMS/Ti-DCMS deposition means that the average ion energy 

incident at the film surface during HIPIMS pulses ranges from 62 (Ar+ ions) to 72 eV (Al+ 

ions) which together with the time-averaged ion-to-metal flux ratio Ji/JMe of 2.5±0.5,40 gives rise 

to effective near-surface ion mixing, thereby inhibiting the precipitation of wurtzite AlN second 

phases, without significant residual ion damage. This, in turn, enables solid-solution hardening; 

H(x) increases from 24 GPa with x = 0.40 to 30 GPa with x = 0.59. Elastic moduli (not shown) 

range from 350 to 410 GPa. However, with increasing x, the mixing enthalpy also increases and, 

at x > 0.65 the driving force towards decomposition overcomes dynamic near-surface ion mixing 

effects and wurtzite-structure AlN precipitates out of solution.  

In contrast, with Ti-HIPIMS/Al-DCMS, two-phase Ti1-xAlxN films are obtained at all 

compositions. The layers exhibit low hardness with high compressive stress. This dramatic 

difference in film properties compared to Al-HIPIMS/Ti-DCMS is primarily due to the presence 

of an intense flux of doubly-ionized Ti2+ ions (JTi2+/JTi+ = 0.42 during the most energetic phase of 
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the high-power pulse), with a mean ion energy greater than 140 eV due to the 2× energy gain of 

doubly-charged ions under the applied substrate bias, Vs = 60 V. The resulting momentum 

transfer per deposited atom (see Section V) is more than enough for creation of the high density 

of residual defects17,54 observed as speckle contrast in XTEM images and explains the high 

compressive stress. The defects also serve as nucleation centers for the formation of wurtzite-

structure AlN precipitates. As a consequence, both H and E are low, with values close to that of 

hexagonal AlN, whereas the residual stress is high (2.1-3.5 GPa). 

Overall, the results clearly demonstrate that the use of combined HIPIMS/DCMS co-

sputtering provides enhanced flexibility in tuning the microstructure and physical properties of 

as-deposited alloy films. 

 

IV. Synchronous substrate biasing to probe effects of gas-ion vs. metal-ion irradiation 

      during Al-HIPIMS/Ti-DCMS 

 

The results presented in the previous section demonstrated that the type of metal-ion 

irradiation during film growth plays a crucial role in determining film microstructure, phase 

content, and mechanical properties of Ti1-xAlxN model alloys. In addition to effects related to the 

use of different metal-ion fluxes (Al+ vs. Ti+/Ti2+), the chemical nature of the incident ion, inert 

gas vs. metal, also plays an important role in controlling film microstructural evolution.42  

 Ion fluxes -- Ar+, N2
+, N+, and Al+ -- incident at the growing film during Al-HIPIMS/Ti-

DCMS are shown, with 20 s resolution, in the upper-left panel of Fig. 6.42 Each data point at 

time t represents the corresponding ion fluxes collected during the interval from t-10 to t+10 s. 

For Al-HIPIMS in Ar/N2 mixtures,42 the plasma is initially maintained primarily by Ar+ and N2
+ 

gas ions. The 20 s time delay before the appearance of atomic N+ ions, together with the high 
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N+ mean energy (relative to N2
+ ions), indicates that they originate primarily from N atoms 

sputter ejected from the target surface and ionized in the plasma.  

 Gas-ion intensities begin to decrease after 30-40 s. This occurs for two reasons: (i) gas 

rarefaction stemming from the high thermal and momentum load supplied by the HIPIMS 

target,49,55 and (ii) the fact that the ionization probability of gas species Ar, N2, and N with high 

IP1 values (15.75, 15.55, and 14.50 eV, respectively)50 decreases due to an intense flux of 

sputtered Al atoms with low IP1 (5.986 eV), whose ionization reduces the average electron 

energy and the intensity of the high-energy tail in the plasma electron energy distribution. As a 

consequence, from t ≃ 40-100 s into the pulse, Al+ is the dominant plasma ion.  

 The Al+ intensity, after reaching a peak at 50 s, begins to decrease due to a 

corresponding decrease in the discharge current as the plasma becomes power-supply limited. 

The Ar+ intensity again dominates during the latter half of the pulse, from t ≃ 100-200 s. N2
+ 

and N+ intensities do not fully recover due to increased target sputtering rates giving rise to 

efficient trapping and chemisorption of nitrogen by freshly-deposited Al atoms.  

 The existence of the metal-ion-dominated phase during high-power pulses, illustrated in 

Fig. 6, provides an opportunity to separate metal-ion from gas-ion-induced effects on the 

microstructure and properties of metastable Ti1-xAlxN alloys. This is realized by synchronizing 

the substrate bias during film growth by hybrid HIPIMS/DCMS co-sputtering.42 A 60 V negative 

substrate bias is applied using three different approaches: (1) the bias is continuous during both 

HIPIMS pulses and DCMS (100% duty cycle), (2) the bias is applied in synchronous with the full 

HIPIMS pulse (10% duty cycle), and (3) the bias is applied in synchronous with the metal-rich-

plasma portion of the HIPIMS pulse (3% duty cycle). For the remaining deposition time, in 

modes (2) and (3), the growing films are at (negative) floating potential Vf  ≃ 10 V. 
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 Oscilloscope wave forms, corresponding to all three bias scenarios, are shown in Fig. 6 

together with typical XTEM images and SAED patterns obtained from corresponding Al-

HIPIMS/Ti-DCMS Ti0.39Al0.61N films. Fig. 6(a) reveals that mode (1) films consist of small 

grains (200200-500 Å2) throughout the film thickness, elongated along the growth direction. 

This structure results from recurring renucleation due to (i) residual damage from intense Ar+ ion 

bombardment and (ii) the precipitation of incoherent w-AlN phase grains, both of which interrupt 

local epitaxy. The SAED pattern consists of cubic Ti1-xAlxN 111, 002, and 022, and wurtzite AlN 

0002 and 0110 , diffraction rings. The uniform angular intensities of the diffracted signals are 

indicative of random grain orientation. Intense Ar+ ion irradiation during mode (1) growth also 

results in extensive material loss by resputtering, predominantly during the DCMS phase, leading 

to thinner films, 1.2 m, for a deposition time of 90 min. The presence of residual trapped Ar, 0.2 

at%, and ion-induced defects explain the observed high compressive stress, -4.6 GPa,42 in which 

differential thermal contraction stress, 1.6 GPa, upon cooling the sample from Ts, has been 

accounted for.  

The nanostructure of mode (2) Ti0.39Al0.61N layers, deposited using synchronized t = 0-200 

s pulsed bias (see Fig. 6(b)), is similar to that of mode (1) films, but with a larger grain size. 

Since there is no applied bias between HIPIMS pulses, resputtering is reduced, and thicker films 

(1.9 m) are obtained. The correspondingly lower defect densities result in a lower renucleation 

rate; hence, the average grain size is larger (3001000-1500 Å2) and more elongated in the 

growth direction. The volume fraction of w-AlN second phase precipitates is considerably 

decreased as revealed by a very weak (compared to mode (1) films) w-AlN 0002, and no 

observable , ring. The incorporated Ar concentration is below detection limits (< 0.1 at%) 

and the residual stress is lower, -1.8 GPa.  

0110
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A very different nanostructure is observed for mode (3) films (see Fig. 6(c)) grown with the 

substrate bias synchronized to the metal-ion portion of the HIPIMS pulse (t = 40-100 s). In this 

mode, concurrent Ar+, N2
+, and N+ gas-ion bombardment is minimized during the 60-s bias 

pulses; the majority of gas ions arrive at the substrate during the dc-phase when no intentional 

bias is applied. As a consequence, the Ti0.39Al0.61N layers are single-phase NaCl-structure with no 

wurtzite signal detectable by SAED. Above an initial competitive-texture zone (200 Å), local 

epitaxy is uninterrupted and the films consist of densely-packed columns, with no open 

boundaries, that extend throughout the remaining film thickness, 1.9 m. Al+ irradiation results in 

sufficient lattice atom displacements (through recoils and forward momentum transfer in shallow 

overlapping cascades) to eliminate the voids typically observed in low-temperature (Ts/Tm ≤ 0.3) 

TM nitride films.17,25,28,30,31 The average column diameter, 200 Å near the substrate, increases to 

600-700 Å by the middle of the film, and 700-1000 Å near the film surface.  

During the early stages of mode (3) growth, films exhibit a randomly oriented, fine-grain 

equiaxed structure (200200 Å2) consisting of approximately equal volume fractions of 002 and 

111 oriented grains, from which, unlike layers grown in modes (1) and (2), a kinetically-limited 

111 preferred orientation evolves. Adatom residence times are longer on the low-potential-

energy, low-diffusivity 111 surfaces, thus the local 111 epitaxial growth is preserved.27,30,56 The 

residual defect concentration, and hence residual stress (-0.9 GPa), is lower under Al+ rather than 

Ar+ ion irradiation since Al is primarily incorporated into the lattice of the growing film, whereas 

Ar resides in interstitial sites.  

Thus, applying a bias synchronized with the metal-ion-rich portion of the HIPIMS pulse 

opens a new pathway for control of microstructure evolution, allowing low-temperature growth 
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of single-phase metastable alloys with larger grain size, strong preferred orientation, high 

hardness, and low stress. 

 

V. Metal-ion energy vs. metal-ion momentum effects during Ti0.4Al0.6N HIPIMS/DCMS 

 The effects of time-averaged Ti+/Ti2+ vs. Al+ metal-ion energy 〈𝐸𝑑〉 and momentum 〈𝑝𝑑〉 

per deposited atom on metastable Ti1-xAlxN film microstructure, phase composition, and residual 

stress have been investigated using hybrid HIPIMS/DCMS co-sputter deposition.43 Sets of 

Ti1-xAlxN alloy films, with x ≃ 0.6, were grown from Ti and Al targets in Al-HIPIMS/Ti-DCMS 

and Ti-HIPIMS/Al-DCMS configurations.40 Energy and momentum transfer due to gas-ion 

bombardment was minimized by synchronizing the substrate bias to the metal-ion-rich portion of 

the HIPIMS pulse, and the effects of Ti and Al ion energy and momentum probed by varying the 

amplitude of the negative bias Vs, from 20 to 280 V. Alloy film stoichiometry is independent of 

Vs, as determined by ERDA, due to the very low duty cycle (3%) of the synchronized bias pulses. 

The time-averaged metal-ion to neutral metal flux ratios Ji/JMe, for which Ji was determined 

using flat probes at the substrate position during film growth, are 2.5 for Al-HIPIMS/Ti-DCMS 

and 5.4 for Ti-HIPIMS/Al-DCMS layers.43 

 Figures 7(a) and 7(b) are XTEM images of Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-

DCMS Ti1-xAlxN multilayers grown as a function of Vs with the thickness of each individual layer 

200 nm. For Al-HIPIMS/Ti-DCMS multilayers, Vs was increased from 20 to 80 V in steps of 20 

V, and thereafter in steps of 40 V up to a maximum value of 280 V. Vs was varied in the same 

sequence for Ti-HIPIMS/Al-DCMS multilayers, except that the maximum value was Vs = 120 V 

since single-layer films spontaneously delaminated, due to extremely high compressive stress, at 

higher substrate bias. Selected-area electron diffraction (SAED) patterns obtained with the 
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aperture set to sample the entire layer thickness are also shown. Clearly, there are significant 

Vs -dependent differences in film microstructure evolution between layers obtained with the two 

target configurations. The type of metal-ion incident at the substrate plays a critical role in 

determining the phase composition of as-deposited films. Al-HIPIMS/Ti-DCMS layers grown 

under relatively low mass (26.98 amu) singly-ionized Al+ irradiation exhibit a dense columnar 

structure with average column diameters ranging from 40 nm with Vs = 20 V to 90 nm with Vs = 

240 V (see Fig. 7(a)). For Al-HIPIMS/Ti-DCMS films grown with Vs ≤ 160 V, the columns are 

predominantly single grains while at higher bias voltages, Vs ≥ 200 V, local epitaxy is interrupted 

due to highly energetic ion bombardment giving rise to renucleation leading to columns 

composed of smaller crystallites, as evident from SAED patterns. The speckle contrast observed 

in Vs ≥ 200 V Al-HIPIMS/Ti-DCMS films indicates the presence of high densities of point defect 

complexes which serve as preferential nucleation sites for second-phase w-AlN precipitates. Al-

HIPIMS/Ti-DCMS TiAlN layers grown with Vs ≤ 160 V are all single-phase NaCl-structure 

alloys.  

 The use of higher mass (47.88 amu) Ti+/Ti2+ ion irradiation during growth of Ti-

HIPIMS/Al-DCMS films yields results which are in strong contrast. XTEM images of 

Ti-HIPIMS/Al-DCMS multilayers show (see Fig. 7(b)) that local epitaxy in single columns is 

interrupted even at the lowest bias, Vs  = 20 V. The columns in these films are narrow, d = 15-

25 nm, and consist of small, randomly-oriented intracolumnar grains indicative of continuous 

renucleation. Both XRD and SAED results clearly indicate that all Ti-HIPIMS/Al-DCMS films 

are two-phase mixtures of NaCl-structure TiAlN and hexagonal w-AlN.  

 Figure 8(a) is a plot of the average metal-ion energy deposited per atom, 

iiMeid EJJE / , where i are metal-ion contributionsto the total ion flux, as a function of 
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Vs during Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS.  2/TiTidE is greater than AldE by  

factors which range from 2.7 to 3.3 as Vs is increased from 20 to 120 V. This is due to both the 

higher time-averaged Ti+/Ti2+ ion current and the 2× higher acceleration energy of doubly-

charged Ti2+ ions. However, this difference in 〈𝐸𝑑〉 for Al-HIPIMS vs. Ti-HIPIMS is not 

sufficient to account for the observed changes in Ti1-xAlxN microstructure and phase content. 

Ti-HIPIMS/Al-DCMS layers grown with Vs = 20 V (  2/TiTidE ≃ 130 eV) are two-phase 

mixtures, c-Ti1-xAlxN and w-AlN, with narrow columns, d = 20±5 nm, and fine intracolumnar 

grain size. This is in contrast to Ti0.38Al0.62N Al-HIPIMS/Ti-DCMS films deposited with Vs = 80 

V, also corresponding to AldE ≃ 130 eV, which consist of single-phase NaCl-structure 

crystallites, with d ≃ 60±5 nm, in a dense columnar microstructure in which each column is a 

single extended grain. Precipitation of second-phase w-AlN grains during Al-HIPIMS/Ti-DCMS 

growth requires Vs ≥ 200 V, corresponding to AldE ≃ 300 eV. Thus, the physical properties of 

Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS Ti1-xAlxN alloys with similar AlN 

concentrations and 〈𝐸𝑑〉 values are dramatically different. Clearly, 〈𝐸𝑑〉 alone does not control the 

film microstructure and properties during hybrid HIPIMS/DCMS deposition. 

 The average metal-ion momentum transfer per deposited atom 〈𝑝𝑑〉 -- the product of 

Ji/JMe, the mean metal-ion momentum ip  and i -- is plotted in Fig. 8(b) as a function of Vs for 

Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS films. XRD, TEM, XTEM, and SAED results 

reveal that all Al-HIPIMS/Ti-DCMS layers grown with Aldp ≤ *

dp  = 135 [eV-amu]1/2, 

corresponding to Vs ≤ 160 V, are single-phase with a NaCl cubic structure. Film growth with 

 2/ TiiTdp ≤ *

dp  translates, in the case of Ti-HIPIMS/Al-DCMS, to Vs ≤ 8 V. However, the 
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negative floating potential during the HIPIMS pulse is 20 V. Thus, all Ti-HIPIMS/Al-DCMS 

alloys contain w-AlN precipitates. 

The microstructure and phase content of Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS 

films grown under conditions that result in the same 〈𝑝𝑑〉 value are quite similar. For example, 

 2/ TiiTdp during Ti-HIPIMS/Al-DCMS film growth with the lowest bias, Vs = 20 V, is 166 

[eV-amu]1/2, which corresponds to Vs ≃ 240 V during Al-HIPIMS/Ti-DCMS. XTEM and SAED 

results (see Fig. 7) indicate that the microstructure and phase content of Vs = 20 V Ti-

HIPIMS/Al-DCMS and Vs = 240 V Al-HIPIMS/Ti-DCMS alloys are essentially the same. Both 

layers contain c-TiAlN and w-AlN grains and exhibit similar average cubic crystallite size. 

Overall, phase composition, nanostructure, and TiAlN film properties are predominantly 

controlled by 〈𝑝𝑑〉, rather than 〈𝐸𝑑〉, during HIPIMS/DCMS film growth. 

 For singly-charged lower-mass Al+ metal ions, with IP2 higher than IP1 of the sputtering 

gas, 〈𝑝𝑑〉 is a slowly-increasing function of substrate bias (solid curve in Fig. 8(b)) which allows 

access to low 〈𝑝𝑑〉 values not accessible during growth with irradiation by heavier multiply-

charged Ti2+ metal ions, and provides the opportunity to tune momentum transfer to the growing 

film surface. Thus, by controlling the amplitude of the synchronous bias pulse applied during the 

metal-ion portion of the Al-HIPIMS pulse, cubic single-phase metastable Ti0.38Al0.62N films can 

be obtained with high AlN concentrations, high hardness, and essentially no residual stress. The 

same procedure should be applicable to other alloy systems composed of high-mass metal 

constituents with low IP2 values compared to IP1 of the sputtering gas (e.g., Zr, Sc, V, Y, Nb, Hf, 

or Ta) and low mass constituents with high IP2 values (e.g., Al or Si). 

 

VI. Ti1-xAlxN films grown from segmented TiAl targets by HIPIMS 
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 In this section, we extend previous investigations to pure HIPIMS growth of metastable 

Ti1-xAlxN films from TiAl segmented targets for which competition between Ti+/Ti2+ and Al+ ion 

irradiation effects are expected to play an important role. The segmented TiAl target is composed 

of equal-sized triangular Ti and Al pieces forming a rectangular plate which is the same size as 

the elemental targets used in the hybrid HIPIMS/DCMS experiments. Total pressure, Ar and N2 

partial pressures, and film growth temperature Ts are the same as in Sec.III, in order to facilitate 

direct comparison to layers obtained by Al-HIPIMS/DCMS and Ti-HIPIMS/Al-DCMS co-

sputtering. Ti1-xAlxN alloy films with 0.32 ≤ x ≤ 0.76 are grown combinatorially in a single run 

with several small Si(001) substrates placed at different locations, but at the same target-to-

substrate distance. The segmented target is powered by HIPIMS (TiAl-HIPIMS) with an average 

power of 2.5 kW (5 J/pulse, 500 Hz, 10% duty cycle); a negative substrate bias Vs = 60 V is 

applied synchronously with the HIPIMS pulses. 

 The metal-ion flux composition from the segmented target varies as a function of position 

at the substrate platen. Thus, in order to provide a comparison with results for single targets in 

Section III, mass spectrometry following the procedure described in Sec. II, was used to analyze 

ion fluxes from an Ti0.3Al0.7 alloy target, incident at the center of the platten. HIPIMS was carried 

out in pure Ar, to avoid overlap between Al2+ and N+ signals, at peak target current density JT = 1 

A/cm2. Data recorded in time-averaged mode are presented in Figure 9. Multiple peaks Al+, Ti+, 

and Ti2+ are due to isotopes. Similar to the observations from elemental Ti and Al targets 

powered by HIPIMS (see discussion in Sec.III), a very high Ti2+ metal-ion flux is detected, while 

the intensity of the Al2+ flux is two orders of magnitude lower despite the much higher Al content 

in the Ti0.3Al0.7 target and an Al sputtering yield which is a factor of 2× higher than that of Ti. 

This has direct implications for film growth from the segmented TiAl target. Relatively high Ti2+ 
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ion fluxes are obtained even during growth of Ti1-xAlxN alloy films with higher x values for 

which the Al metal flux exceeds that of Ti. 

 Figure 10 shows  scans obtained as a function of tilt angle  varied from 0° to 75° in 

steps of 5° for a TiAl-HIPIMS Ti1-xAlxN alloy with x = 0.62. The film consists of a mixture of 

cubic and wurtzite AlN phases, with volume fractions, estimated from TiN(002) and AlN( 0110 ) 

peak intensities integrated over all tilt angles and normalized to random powder diffraction 

values, of 8% cubic and 92% wurtzite. The diffraction peaks from the wurtzite phase are clearly 

shifted toward lower diffraction angles with respect to reference AlN powder patterns52 

independent of the tilt angle , indicating incorporation of TiN into the hexagonal lattice. The 

later finding confirms the relatively few reports on the subject.57,58 Relaxed lattice parameters 

determined from the positions of AlN(0002) and AlN( 0110 ) peaks measured at  = 35°, close to 

the strain-free tilt angle  (Ref. 51), are ao = 3.188 Å and co = 5.150 Å, which corresponds to 

2.5% and 3.4% linear expansion, respectively. Peaks of the cubic phase are shifted toward higher 

diffraction angles as a result of lattice contraction due to AlN incorporation into the cubic TiN 

lattice (2 = 43.16° vs. 42.60° for TiN). For comparison, Fig. 3(b) shows that films with 

essentially the same composition grown by Al-HIPIMS/Ti-DCMS are single-phase cubic. 

Ti1-xAlxN cubic-phase relaxed lattice parameters ao, obtained directly from 2 peak 

positions recorded at the strain-free tilt angles, are plotted as a function of x for TiAl-HIPIMS 

together with results for Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS layers in Figure 11. 

Only alloy films with sufficient volume fraction (> 5%) of the cubic phase to yield reliable results 

are included in this comparison. ao(x) for single-phase TiAl-HIPIMS cubic Ti1-xAlxN alloys 

decreases gradually from 4.232 Å with x = 0.32 to 4.184 Å with x = 0.58 following the 

predictions of density functional theory (DFT) calculations.59 ao(x) remains constant for x ≥ 0.58 
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due to precipitation of second-phase wurtzite AlN. The XRD AlN solubility limit 𝑥𝑚𝑎𝑥
𝑇𝑖𝐴𝑙−𝐻𝐼𝑃𝐼𝑀𝑆 

extrapolated from the saturation value of ao(x) is ~0.53,60 which is close to that of DCMS alloy 

films, for which reported XRD 𝑥𝑚𝑎𝑥 values are  ~0.50 at Ts = 500 °C.1,2  

ao(x) values for Ti-HIPIMS/Al-DCMS films with 0.41 ≤ x ≤ 0.66 are nearly constant at 

4.213 Å, with an XRD kinetic AlN solubility limit 𝑥𝑚𝑎𝑥
𝑇𝑖−𝐻𝐼𝑃𝐼𝑀𝑆/𝐴𝑙−𝐷𝐶𝑀𝑆

 ≤ 0.40. ao(x) values for 

Al-HIPIMS/Ti-DCMS alloys with x ≥ 0.55 are much lower than either TiAl-HIPIMS or Ti-

HIPIMS/Al-DCMS, indicative of higher AlN solubility in the cubic TiN lattice. After a 

monotonic decrease in ao(x) with 0.55 ≤ x ≤ 0.64, ao saturates at 4.160 Å for x ≥ 0.65. Thus, 

𝑥𝑚𝑎𝑥
𝐴𝑙−𝐻𝐼𝑃𝐼𝑀𝑆/𝑇𝑖−𝐷𝐶𝑀𝑆

is ~0.64.  

The ao(x) XRD results presented in Fig. 11 reveal that the trends for Ti1-xAlxN alloy films 

grown from segmented targets constitute an intermediate case between Ti-HIPIMS/Al-DCMS 

and Al-HIPIMS/Ti-DCMS.  

 Nanoindentation hardness H(x) results for TiAl-HIPIMS Ti1-xAlxN alloy films are 

consistent with the above ao(x) trends. H initially increases from 25.6 GPa with x = 0.32 to 31.3 

GPa with x = 0.43 and then slowly decreases thereafter to 28.5 GPa with x = 0.50 and 21.40.6 

GPa with x ≥ 0.58. The AlN concentration range for which H(x) exhibits the largest drop, from 

28.5 GPa with x = 0.50 to 21.8 GPa with x = 0.58, corresponds well with the 𝑥𝑚𝑎𝑥
𝑇𝑖𝐴𝑙−𝐻𝐼𝑃𝐼𝑀𝑆 value 

of 0.53 obtained from Fig. 11, indicating that the rapid decrease in hardness is associated with the 

formation of a sufficient volume fraction of wurtzite AlN second phase to be detected by XRD. 

Comparison with H(x) data in Fig. 5(a) for Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS Ti1-

xAlxN films reveals that H(x) softening for TiAl-HIPIMS layers occurs at AlN concentrations 

which are higher than for Ti-HIPIMS/Al-DCMS and lower than for Al-HIPIMS/Ti-DCMS 

alloys.  
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 TiAl-HIPIMS Ti1-xAlxN residual stress values x are compressive and increase initially 

from 2.8 GPa with x = 0.32 to 4.0 GPa with x = 0.43 to reach a maximum of 4.1 GPa with x = 

0.50 and decrease thereafter to 2.3 and 1.8 GPa with x = 0.58 and 0.61, respectively. Thus, 

TiAl-HIPIMS xis significantly higher than for corresponding Al-HIPIMS/Ti-DCMS films 

and comparable to that of Ti-HIPIMS/Al-DCMS alloy layers (see Fig. 5(b)).  

The AlN XRD solubility limit 𝑥𝑚𝑎𝑥
𝑇𝑖𝐴𝑙−𝐻𝐼𝑃𝐼𝑀𝑆is higher than 𝑥𝑚𝑎𝑥

𝑇𝑖−𝐻𝐼𝑃𝐼𝑀𝑆/𝐴𝑙−𝐷𝐶𝑀𝑆
 (0.53 vs. ≤ 

0.40). We attribute this predominantly to the fact that the peak target current density JT during 

TiAl-HIPIMS operation is lower than for Ti-HIPIMS/Al-DCMS (0.41 A/cm2 vs. 1.34 A/cm2) 

leading to: (i) a lower ionization degree of sputtered species and, (ii) a lower fraction of Ti2+ in 

the ion flux to since for HIPIMS, doubly-charged Ti2+ metal ion flux is an increasing function of 

JT.61,62,63  

The hardness of TiAl-HIPIMS Ti1-xAlxN alloy films with 0.38 ≤ x ≤ 0.50 is significantly 

higher than for corresponding Ti-HIPIMS/Al-DCMS layers as a consequence of high 

compressive stresses (3.5 ≤  ≤ 4.1 GPa). Evidence for this comes from TiAl-HIPIMS 

Ti0.57Al0.43N post-annealing experiments in which H decreases from 31.3 to 25.1 GPa as residual 

point defects are annealed out during 2 h at 900 °C in an Ar atmosphere. In contrast, annealing 

Al-HIPIMS/Ti-DCMS Ti0.41Al0.59N films under the same conditions results in an increase in H 

from 30 to 33 GPa,41 due to the formation of coherent cubic AlN via spinodal decomposition 

following the reaction path c-(Ti,Al)N  c-TiN + c-AlN.  

Mechanical properties of TiAl-HIPIMS alloys are better than those of Ti-HIPIMS/Al-

DCMS, but not as good as for Al-HIPIMS/Ti-DCMS layers of the same composition. These 

results present additional evidence for the detrimental role of energetic Ti2+ ions during Ti-
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HIPIMS and TiAl-HIPIMS operation. High-AlN-content metastable Ti1-xAlxN films with high 

hardness and low residual stress are only obtained in the Al-HIPIMS/Ti-DCMS configuration. 

 

VII. Conclusions  

Investigations of hybrid HIPIMS/DCMS deposition, in which metastable Ti1-xAlxN alloy 

films are used as a model materials system for which the phase content is sensitive to ion 

irradiation, show that markedly different film-growth kinetic pathways are obtained depending 

upon which target (Ti or Al) is powered by HIPIMS. This is due to distinct differences in the 

average mass, charge, and energy of the metal-ion fluxes incident at the growth surface. During 

Al-HIPIMS/Ti-DCMS, the Al2+ flux is negligible (predominantly due to the high IP2 value of Al 

with respect to Ar IP1) and the film microstructure is primarily controlled by Al+ and Ar+ ion 

irradiation during HIPIMS pulses. Alloys grown in this mode have an XRD kinetic solid-

solubility limit of x = 0.64 and combine high hardness, H ~ 30 GPa, (due to solid-solution 

hardening) with low residual stress,  ≃ -0.8 GPa, a combination of properties which is difficult 

to achieve by other PVD methods. In sharp contrast, with Ti-HIPIMS/Al-DCMS, Ti1-xAlxN films 

are two-phase (cubic plus wurtzite) for x > 0.40. Moreover, the layers exhibit low hardness, H 

~18 GPa, with high compressive stress,  = -3.5 GPa. The dramatic difference in film properties 

is due to the presence of an intense flux of doubly-ionized Ti2+ ions during the Ti-HIPIMS pulses. 

This is primarily a result of the  IP2 value of Ti being lower than IP1 for Ar. Large Ti2+ fluxes 

result in high values of incident metal-ion energy 〈𝐸𝑑〉 and momentum transfer 〈𝑝𝑑〉 per deposited 

metal atom and give rise to the creation of the residual point defects, formation of relatively soft 

wurtzite-structure AlN second-phase precipitates and, as a consequence, poor mechanical 

properties.  
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In addition to the choice of metal-ion fluxes (Al+ vs. Ti+/Ti2+) during hybrid 

HIPIMS/DCMS film growth, the chemical nature of the incident ion, inert gas vs. metal, can also 

play an important role in controlling nanostructural evolution. By applying substrate bias pulses 

only in synchronous with the metal-rich-plasma portion of the Al-HIPIMS pulse, such that ion 

irradiation of the growing film is predominantly by Al+ ions, and comparing the results to film 

growth under continuous dc bias, the effects of gas vs. metal-ion irradiation on the properties of 

resulting Ti0.39Al0.61N films were selectively probed. Switching from Ar+ to Al+ bombardment, 

while maintaining the same integrated incident ion/metal ratio, increases xmax, and hence film 

hardness, while decreasing intrinsic film growth stress even further. 

The properties of HIPIMS/DCMS Ti1-xAlxN films are governed by the average metal-ion 

momentum per deposited atom dp  transferred to the film surface with the critical value for 

maintaining single-phase cubic alloys ~135 [eV-amu]1/2 for layers with x ≃ 0.60. Strong 

asymmetry in the flux of doubly-ionized metal-ions during HIPIMS operation with Al and Ti 

targets is decisive, and the critical dp limit is easily exceeded in the case of Ti-HIPIMS, even 

with no intentional bias.  

Pure HIPIMS deposition from segmented TiAl targets yields Ti1-xAlxN films with high 

hardness for x ≤ 0.50; however, the films also exhibit high compressive stress. At larger AlN 

concentrations, both H and  decrease. The XRD kinetic solubility limit is higher than for Ti-

HIPIMS/Al-DCMS alloys, but lower than for Al-HIPIMS/Ti-DCMS layers. These results provide 

independent evidence for the detrimental role of energetic doubly-ionized Ti2+ ions, present 

during Ti-HIPIMS operation, on film nanostructure and mechanical properties.  
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Figure captions  
 

Fig. 1. Ion energy distribution functions (IEDFs) from Al and Ti targets operated in both DCMS 

and HIPIMS modes. The DCMS data are time-averaged. For HIPIMS, the IEDFs 

correspond to the 20-s highest-target-current-density portions of the 200 s pulses. 

(Adapted from Ref. 40) 

 

Fig. 2. Ti and Al fractions of doubly-charged metal-ions, Me2+/(Me2++Me+), detected at the 

substrate position as a function of peak target current density JT during HIPIMS operation 

of Ti and Al targets in 1.0:0.2 Ar:N2 gas mixtures at Ptot = 0.4 Pa (3 mTorr). 

 

Fig. 3.   scans as a function of tilt angle  for Ti1-xAlxN alloy films with x = 0.59 grown on 

Si(001) at 500 °C by (a) Al-HIPIMS/Ti-DCMS, and (d) Ti-HIPIMS/Al-DCMS. (From 

Ref. 40). The peak labeled “S” in 3(a) at 2 = 32.8°, with  = 0°, is the "forbidden" 002 

reflection from the Si(001) substrate which appears due to multiple scattering. 

 

Fig. 4. XTEM images, with corresponding selected area diffraction patterns as inserts, from 

Ti1-xAlxN alloys grown on Si(001) at 500 °C with composition x: (a) x = 0.53, Ti-

HIPIMS/Al-DCMS and (b) x = 0.59, Al-HIPIMS/Ti-DCMS. (From Ref.41) 

 

Fig. 5. (a) Indentation hardness H and (b) residual stress  (corrected for differential thermal 

contraction upon cooling the sample from Ts) of Ti1-xAlxN films, grown on Si(001) at 500 

°C using Al-HIPIMS/Ti-DCMS (filled squares) and Ti-HIPIMS/Al-DCMS (open circles) 

target configurations as a function of AlN concentration x. (Adapted from Ref. 40) 
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Fig. 6.  Top-left panel: time evolution of the total flux of Ar+, Al+, N2
+, and N+ ions incident at the 

substrate during Al-HIPIMS/Ti-DCMS. Substrate bias Vs waveforms, together with 

XTEM images and SAED patterns (inserts) from corresponding Ti0.39Al0.61N layers 

grown on Si(001) substrates at 500 C, for: (a) continuous dc bias, (b) Vs applied in 

synchronous with the full HIPIMS pulse, and (c) Vs applied in synchronous with only 

the metal-rich-plasma portion of the HIPIMS pulse. (Adapted from Ref. 42) 

 

Fig. 7. XTEM images, with corresponding SAED patterns, of (a) a Ti0.38Al0.62N multilayer grown 

on Si(001) at 500 C in the Al-HIPIMS/Ti-DCMS target configuration with Vs varied 

from 20 to 280 V for individual layers; (b) a Ti0.42Al0.58N multilayer grown on Si(001) at 

500 C in the Ti-HIPIMS/Al-DCMS target configuration with Vs varied from 20 to 120 V 

for individual layers. (From Ref. 43) 

 

Fig. 8  Average (a) ion energy dE  and (b) momentum dp , per deposited atom, incident at the 

film growth surface during deposition of Ti1-xAlxN (x ~0.6) at 500 °C as a function of Vs. 

The films were grown on Si(001) substrates by Al-HIPIMS/Ti-DCMS (solid lines) and 

Ti-HIPIMS/Al-DCMS (dashed lines). (Adapted from Ref. 43) 

 

Fig. 9. Time-averaged intensities of low-energy ion fluxes at the substrate position recorded from 

the Ti30Al70 alloy target during HIPIMS operation. 
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Fig. 10.  scans as a function of tilt angle  for Ti1-xAlxN alloy films with x = 0.62, grown on 

Si(001) at 500 °C from a segmented TiAl target.   

 

Fig. 11. Relaxed lattice parameters ao of Ti1-xAlxN films grown on Si(001) at 500 °C plotted as a 

function of AlN concentration for three different target configurations: TiAl-HIPIMS 

(filled triangles), Al-HIPIMS/Ti-DCMS (filled squares), and Ti-HIPIMS/Al-DCMS (open 

circles). 
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