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ABSTRACT

We demonstrate a two-stage low-temperature (<100 �C) growth process for obtaining Al-rich rock salt-structured Cr1�xAlxN films by
high-power impulse magnetron sputtering (HiPIMS) with synchronized substrate bias pulsing. The first stage features selective �100 eV
Alþ ion irradiation that promotes out-of-plane (002) texture in rock salt Cr0.3Al0.7N. Film thickness was limited to <�230 nm above
which wurtzite-AlN formation was observed. The second stage combines the synchronized bombardment of �100 eV Alþ and Crþ ions,
allowing the synthesis of rock salt Cr1�xAlxN with unprecedentedly high Al contents up to x� 0.7 without wurtzite-AlN formation.
Peening effects from heavier Crþ ions stabilize rock salt Cr1�xAlxN with greater Al content, induce compressive stresses, and densify the
film. In contrast, single-stage DC magnetron sputtering or HiPIMS using floating or continuous bias suffers from poor crystallinity, Ar
entrapment, and film delamination. These findings establish that two-stage growth with selective ion bombardment is an attractive
approach for tailoring stable single-phase Al-rich Cr1�xAlxN coatings with controlled properties for applications that do not allow high
temperature processing.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0287938

Single-phase rock salt-structured transition metal nitrides
(TMNs) exhibit remarkable mechanical properties for applications as
coatings on cutting tools and automotive components. Alloying Al
into single-phase TMNs is known to enhance the thermal stability and
mechanical properties.1–5 For instance, Cr1�xAlxN (x¼Al/AlþCr)
offer increased thermal stability, resistance to wear6–9 and fatigue10

due to passivating Al2O3 and Cr2O3 formation.11,12 However, realizing
dense micro-structured Al-rich rock salt TMN films by conventional
physical vapor deposition requires high temperatures (e.g., 500<Tdep
� 800 �C) at which the formation of thermodynamically more sta-
ble13,14 and softer wurtzite-aluminum nitride (w-AlN) limits Al solu-
bility and degrades mechanical properties.

Low-temperature synthesis of TMNs precludes w-AlN formation
but also limits the dissolved Al content. Rock salt-structured
TM1�xAlxN with TM¼Ti, Zr, V, and Cr obtained by kinetically
driven thin-film growth by DC magnetron sputtering (DCMS) at Tdep
� 500 �C feature dissolved Al in the 0.3� x� 0.67 range.15–18

Incorporating higher dissolved Al requires highly ionized fluxes
obtainable in cathodic arc deposition1,19–21 and medium plasma den-
sity7 radio frequency magnetron sputtering.22

Recent works have realized TMNs23–25 with high dissolved Al con-
tents by high-power impulsemagnetron sputtering (HiPIMS), which fea-
tures high metal ion fluxes.26–30 Ti1�xAlxN

31,32 and V1�xAlxN deposited
by HiPIMS at Tdep¼ 500 �C show superior mechanical properties13,33,34
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and residual stress control compared to films obtained by DCMS.32,35,36

While low-temperature synthesis of rock salt Cr1�xAlxN films with
x< � 0.6 has been reported,12,37 realizing higher dissolved Al closer to
the theoretical solubility limit x � 0.7538,39 without AlN formation is of
interest for accessing superior properties.

In this Letter, we demonstrate low-temperature HiPIMS synthesis
of rock salt Cr1�xAlxN films with high dissolved Al in the
0.6� x� 0.73 range by a two-stage biasing film growth approach fea-
turing selective and synchronized bombardment of �100 eV Alþ and
Crþ ions. This strategy not only precludes w-AlN formation but also
allows control over film stress and density. These attributes are not
realized during continuous metal and gas ion irradiation in HiPIMS
and Arþ bombardment during DCMS, which result in film delamina-
tion, low-crystallinity, and entrapped Ar. These findings are important
for realizing Al-rich rock salt-structured single-phase Cr1�xAlxN films
with tunable stress and density on substrates requiring low-
temperature processing.

Cr1�xAlxN films were grown on 10� 10mm2 pieces of Si(001)
substrates by reactive magnetron sputtering in a <�4� 10�6Pa base
pressure ultra-high vacuum chamber. The substrates were ultrasoni-
cally cleaned successively in acetone and ethanol for 10min each and
blown dry with N2. Circular 3-in.-diameter alloy targets of Cr and Al
(30:70) were sputtered in a 3 mTorr plasma created from a 99.9% pure
80/20 ratio Ar/N2 mixture with 6 sccm N2 and 23 sccm Ar. Prior to
each deposition, the target was sputter-etched for 5min with a 100W
HiPIMS discharge in Ar sustained at 2.5 mTorr.

Cr1�xAlxN films were grown by unipolar HiPIMS in peak current
control mode featuring Ipeak�40 A with a 25 ls pulse width at 100W
average power, with the HiPIMS pulses generated by a HiPSTER 1
(Ionautics AB) unit. Films were deposited either with a constant DC
substrate bias Udc

s ¼�100V, floating potential (Vfloat � �30V) or a
pulsed substrate bias with amplitudes of �100 � U sync

s � �300V.
Selective metal ion impingement was realized by synchronizing the
substrate bias pulse to the target voltage Utarget pulse with a 20 ls delay
(tdelay). During film growth, the substrate was rotated at 5 rpm with no
intentional heating, with a �11 cm substrate-target distance, and a 30�

substrate surface-magnetron surface normal angle. Reference DCMS
films were grown at the same average power as HiPIMS with
Udc
s ¼�100V.

X-ray diffractograms (XRD) were acquired using a PANalytical
Empyrean diffractometer with Ni-filtered Cu Ka radiation
(k¼ 0.154 06 nm) incident through a 6mm divergent slit for 25�� 2h
� 90� with a step size of 0.03� using a PIXcel3D-Medipix3 detector.
We also carried out h–2h scans at sample tilts in the 20�� w �70�

range40 with Dw¼ 5� steps in a Philips MRD diffractometer operated
in point focus mode. Pole figures were acquired in the same diffrac-
tometer to study film texture by using a 2� 2mm2 crossed slits in the
incident-beam optics, and a parallel plate collimator in secondary
optics.

Residual stresses were determined from Si(004) rocking curves
measured at multiple locations on the Si using the Philips MRD dif-
fractometer. A hybrid monochromator with a 1/32� divergence slit
was used to obtain a 0.09mm probe beam exclusively comprised of Cu
ka1 radiation. This, together with a parallel plate collimator with a 3-
mm-wide receiving slit, provides a high angular resolution of <0.023�,
eliminating thin-film corrections. Stress was extracted by inputting
Si(001) biaxial modulus M(100)�181GPa41 into a modified Stoney

equation.42 X-ray reflectivity (XRR) measurements in the same diffrac-
tometer were carried out to determine film density from the total
external reflection critical angle using the X’Pert Reflectivity software.
Film density was also verified by dividing the areal density obtained
from Rutherford backscattering spectrometry (RBS) with the film
thickness (tfilm) measured by cross section scanning electron micros-
copy (SEM) images using ZEISS Sigma 300 operated at 3 kV.

Sample cross sections for scanning transmission electron micros-
copy (STEM) were prepared using a Gemini ZEISS 1540 XB dual
beam SEM-focused ion beam (FIB) microscope system. A Pt protective
layer was deposited on top of the films prior to FIB sectioning.
Electron-transparent cross sections were analyzed by conventional
TEM and STEM using an FEI Tecnai G2 TF 20 UT instrument oper-
ated at 200 kV. STEM images were collected using an 80–260 mrad
range annular detector.

Film composition was measured by a combination of RBS and
time-of-flight elastic recoil detection analysis (ToF-ERDA) measure-
ments carried out using a Pelletron Tandem accelerator (5MV NEC-
5SDH-2).43 The RBS spectra, obtained with 2MeV primary Heþ ions
incident at 5� to the film surface normal and backscattered atoms col-
lected at 170�, were analyzed using SIMNRA44 7.03. ToF-ERDA mea-
surements were conducted with 36MeV 127I8þ ions incident with a
67.5� angle to the film surface normal, and the recoils collected by a
ToF-telescope and a gas ionization detector placed at 45� to the inci-
dent beam. Potku 2.2.4 code45 was used to determine elemental com-
position depth profiles.

Selective metal ion acceleration requires synchronization of sub-
strate bias pulses with the HiPIMS discharge pulse Utarget by a time
delay tdelay. We designed our bias pulses [Fig. 1(a)] based on the time-
of-flight (ToF) recorded during similar HiPIMS discharges involving
Cr, Al, and Cr:Al in the 10 ls � t� 110ls regime captured by time-
resolved mass spectrometry.46,47 The key feature is that lighter Alþ

ions arrive earlier (ToF� 20 ls) at the substrate than heavier Crþ and
Arþ ions (�35 ls). Thus, the ignition of the substrate bias pulse at
t¼ 20 ls [Fig. 1(b)] acts predominantly on the metal ions, and pre-
cludes excessive compressive stress induced by Arþ ions that typically
dominate the ion flux during early stages.

Our analysis considers only singly charged metal ions, as
amounts of doubly ionized species are expected to be low due to higher
second ionization potentials of Cr and Al (16.54 and 18.89 eV, respec-
tively)48 than the first ionization potential of Ar (15.76 eV),49 and the
gas ions (Nþ and N2

þ) do not have a dominant effect on the phase sta-
bility due to their low mass. The temporal overlap between Crþ and
Arþ ions precludes the exclusive use of Crþ ions to prevent residual
stresses and film delamination caused by Ar during early stages of film
growth.50 We employ a two-stage biasing approach to minimize the
deleterious effects of Arþ ions. The first stage features selective Alþ ion
bombardment followed by a second stage involving Alþ, Crþ, and Arþ

ions.
X-ray diffractograms from Cr1�xAlxN films grown by HiPIMS

with synchronized bias pulsing are presented in Fig. 2(a). Films grown
with bias amplitude U sync�Alþ

s ¼ �100V exhibit two Bragg peaks, cor-
responding to rock salt Cr1�xAlxN(200) at 2h¼ 43.65�, and an asym-
metric peak from w-AlN at 2h � 36�. Two-axis diffractometry and
pole figure analyses (supplementary material Fig. S1) show that the
asymmetric peak from w-AlN features a strong AlN(002) reflection at
2h¼ 35.5� and a weak AlN(101) peak at 2h � 37�. Higher bias
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amplitudes of �200V � U sync�Alþ
s � –300V produce single-phase

rock salt Cr1�xAlxN films with no evidence of w-AlN. However, these
films showed significant cracking and delamination. Moreover, the
broad low intensity peaks indicate lower crystallinity, likely due to
greater ion-induced damage at larger bias amplitudes. Films deposited
by conventional DCMS with Udc

s ¼�100V also exhibit very broad
peaks, indicating poor crystallinity [Fig. 2(a)]. These are in stark con-
trast to highly textured films obtained by HiPIMS with Udc

s ¼�100V
indicated by an intense and narrow (111) Bragg reflection correspond-
ing to rock salt Cr1�xAlxN phase (powder diffraction file #020-0801).

Compositions of Cr1�xAlxN films synthesized by HiPIMS
determined from RBS and ToF-ERDA for �100 V � U sync�Alþ

s

��300V are summarized in Fig. 2(b). The nominal film composi-
tion was Cr0.3Al0.7N (i.e., x¼ 0.7) with <�16 0.2 at. % oxygen
and argon and <�0.2 at. % carbon with no observable dependence

on U sync�Alþ
s . Films deposited by DCMS with Udc

s ¼�100 V were
slightly understoichiometric with N/(AlþCr)¼ 0.95 and about
10.4% higher in Cr than nominal (1�x¼ 0.3). Films deposited by
HiPIMS with Udc

s ¼�100 V showed severe understoichiometry
with N/(AlþCr)¼ 0.66 but are Al-rich as indicated by
Cr0.1Al0.5N0.4, i.e., x¼ 0.83.

The observed compositional differences can be traced to ion-
induced effects. HiPIMS with synchronized bias pulsing with U sync�Alþ

s

¼�100V entails a high flux Alþ ions bombardment. Increasing the Alþ

ion energy by adjusting U sync�Alþ
s alters film growth kinetics as seen

from decreases in the film thickness from 590 to 520nm. However, the
dissolved Al content x is unchanged, suggesting that the momentum
transfer from light Alþ ions is insufficient to alter film composition. In
contrast, HiPIMS withUdc

s yields Al-rich and N-deficient films likely due
to nonselective bombardment of Alþ, Crþ, and Arþ ions causing

FIG. 1. Waveforms of (a) target and substrate voltage and (b) current density showing HiPIMS (blue shaded) and synchronized substrate bias (red shaded) pulses that acceler-
ate Alþ ions in a single-stage process. The substrate bias current density Jdcs and Js are enhanced thirtyfold and tenfold, respectively, for clarity. (c) Substrate bias and (d) cur-
rent density waveforms that accelerate Alþ and combined Alþ, Crþ ions to the same amplitude in a two-stage process. The subscript “s” denotes the substrate.
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preferential sputter etching of Cr and N from the film surface (see sputter
yields listed in supplementary material Table S1 from TRIM51). This
view is supported by efficient momentum transfer from Arþ and Crþ

ions to Cr than to Al (see supplementary material Fig. S3). DCMS
involves <� a few %29,52 metal ions, wherein sputter etching by Arþ

ions dominates and slightly depletes the Al content [Fig. 2(b)].

Scanning transmission electron microscopy (STEM) images from
Cr1�xAlxN films grown by HiPIMS with U sync�Alþ

s ¼ �100V reveal a
featureless homogeneous bottom layer that transitions into a heteroge-
nous top layer [Fig. 3(a)]. The top layer consists of alternating nano-
scale regions of bright and dark contrast with different atomic
arrangements separated by vertically oriented pores [Fig. 3(b)].

FIG. 2. (a) X-ray diffractograms obtained by symmetric h–2h scans from Cr1�xAlxN films grown by DCMS and HiPIMS with a DC bias of �100 V and HiPIMS with synchro-
nized Alþ irradiation. The � symbol indicates Bragg peak from w-AlN(002). (b) Elemental compositions of Cr1�xAlxN films from RBS and ToF-ERDA analyses. Al and Cr com-
positional uncertainties are smaller than the symbol dimensions.

FIG. 3. (a) Cross section STEM images from a Cr1�xAlxN film grown by HiPIMS with Usync�Alþ
s ¼ �100 V. (b) HRTEM image and (c) electron diffraction pattern from the top

layer. The highlighted region corresponds to w-AlN. (d) HRTEM image and (e) electron diffraction pattern from the bottom layer. Yellow miller indices connote rock salt CrAlN
and white indices refer to w-AlN.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 127, 151906 (2025); doi: 10.1063/5.0287938 127, 151906-4

VC Author(s) 2025

 17 N
ovem

ber 2025 09:23:23

https://doi.org/10.60893/figshare.apl.c.8065606
https://doi.org/10.60893/figshare.apl.c.8065606
pubs.aip.org/aip/apl


In contrast, the bottom layer shows uniform atomic stacking as
expected in rock salt Cr1�xAlxN [Fig. 3(d)].

Electron diffraction patterns from the top layer reveal Bragg
reflections from rock salt Cr1�xAlxN and w-AlN [Fig. 3(c)]. The bot-
tom layer shows only rock salt Cr1�xAlxN with a strong out-of-plane
(200) texture [Fig. 3(e)], consistent with the XRD results. RBS mea-
surements showing up to �2.3 at. % Ar in the bottom homogeneous
layer suggests that the (200) texture facilitates Arþ channeling.53 The
<�0.7 at. % Ar in the top layer indicates that the heterogeneous
microstructure diminishes Arþ channeling. ToF-ERDA analyses
[Fig. 2(b)] indicating a higher oxygen (�1.1 at. %) in the top layer than
in the bottom layer (the <�0.5 at. %) is likely due to microporosity in
the top layer. In contrast, HiPIMS film with DC bias shows a 10-nm-
thick Ar rich layer near the film/substrate interface that correlates with
the tendency of the films to delaminate (see supplementary material
Fig. S2).

The biasing modality (synchronized pulsing vs constant DC) and
the synthesis mode (DCMS vs HiPIMS) impact film density. Film den-
sity was obtained by dividing the areal density extracted from RBS
with the film thickness measured by SEM and compared with the den-
sity obtained from the total external reflection critical angle in XRR.
Films deposited by DCMS and HiPIMS with synchronized pulsing
show similar densities in the 3.1–3.7 g/cm3 range [Fig. 4(a)]. This den-
sity range is 7%–23% lower than the �4 g/cm3 theoretical density of
rock salt Cr0.3Al0.7N, consistent with microporosity indicated by
STEM measurements. Underdense films with x<�0.7 obtained by
DCMS and HiPIMS with synchronized bias pulsing are not entirely
unexpected due to low mass ion irradiation.54

The high Al content (x¼ 0.83) and N-deficiency in the film syn-
thesized by HiPIMS with DC bias indicated by ToF-ERDA [Fig. 2(b)]
foster closer metal cation packing. While lattice expansion in the
growth direction due to in-plane compressive strain would slightly
reduce the XRR-derived density, this effect is restricted to the beam
spot size, which is small compared to the wafer bending scale. The

main factors for the high XRR-derived density of 4.5 g/cm3 are the vol-
ume shrinkage from Al-rich, N-deficient composition together with sur-
face Cr-enrichment as indicated by RBS [see supplementary material
Fig. S2(b)], both of which increase the local electron density and, conse-
quently, the film density.

The influences of different biasing strategies on film thickness and
residual stress are illustrated in Fig. 4(b). The decrease in Cr1–xAlxN film
thickness upon increasing U sync�Alþ

s from �100 to �300V correlates
with densification and re-sputtering effects described above. The
films grown by HiPIMS U sync

s exhibit lower residual stresses between
��0.14 and �0.6GPa than �0.7GPa seen in films grown by DCMS.
However, HiPIMS films grown with a �100V DC bias delaminated,
leaving behind an �200-nm-thick film with a residual stress of
�2.1GPa (see supplementary material Fig. S2). Such delamination is a
consequence of stress buildup from continuous Crþ and Arþ ion bom-
bardment, which generates point defects that induce excessive strain.55

In comparison, Alþ bombardment primarily transfers momentum to
Al atoms with minimal impact on Cr (see supplementary material Fig.
S3) and helps maintain lower stress levels but at the cost of film quality,
as it leads to a porous microstructure [Fig. 3(a)].

To ensure single-phase cubic Cr1�xAlxN, we set the deposition
duration to be 30min in the first stage of our process using Alþ ion
bombardment, based on STEM analysis showing w-AlN formation at
higher deposition times [Fig. 3(a)]. The second stage involves synchro-
nized Alþ, Crþ, and Arþ ion bombardment on top of an �230-nm-
thick Cr1�xAlxN layer [Fig. 5(a)]. This was achieved by extending the
bias pulse width from 10 to 90ls during continuous film growth. X-
ray diffractograms [Fig. 5(b)] from the stage-one layer with and with-
out a 70-nm-thick stage-two layer exhibit out-of-plane (200) texture.
Continuing stage-two growth for another 55min (total tdep¼ 100min)
results in �470-nm-thick polycrystalline Cr1�xAlxN films with a (111)
texture.

The (200) to (111) texture change is related to the linear increase
in compressive stress with film thickness [Fig. 5(c)]. For thicknesses

FIG. 4. (a) Film density measured from XRR plotted vs density deduced from RBS and SEM. (b) Residual stress as a function of film thickness. The dotted line is a linear fit to
the data points.
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<�300 nm, the compressive stress increases are attributable to sub-
plantation effects in the first few nanometers below the surface (see
qualitative TRIM simulations Fig. S3) and defect generation from ener-
getic Crþ ions deeper along the open (200) channels. These mecha-
nisms cannot explain increased stress accumulation for film
thicknesses above 300nm. While continued atomic peening from
�100 to 300 eV Crþ and Alþ ions delivers significant momentum to
increase intrinsic compressive stresses, thermal stress relaxation is
minimal due to low temperatures (Ts < 100 �C), consistent in rock salt
TMNs.53,56–60 The accumulated stress raises the strain energy suffi-
ciently to induce grain reorientation, which promotes densification of
the columnar microstructure (see supplementary material Fig. S5) and
the formation of new grain boundaries, thereby minimizing surface
energy and favoring the development of a preferred out-of-plane (111)
orientation while maintaining the metal ratios at x¼ 0.686 0.01.

X-ray diffractograms from Cr1�xAlxN (0.62� x� 0.73) films
grown by HiPIMS using a two-stage growth strategy at different

synchronized bias amplitudes �100V � UAlþ ;Crþ
s � �300V [Fig. 5(d)]

indicate a rock salt Cr1�xAlxN phase with randomly oriented crystallites.
Increasing the UAlþ ;Crþ

s shifts the (111) peak to lower angles due to com-
positional differences and residual stress generation. A reference film
grown at Vfloat, where all ionized species have an energy Eions � 30 eV,
shows four Bragg peaks attributed to two different phases. Two-axis
XRD measurements confirm the presence of wurtzite-AlN as the major
phase and rock salt Cr1�xAlxN as the minor phase (see supplementary
material Fig. S4).

As the UAlþ ;Crþ
s amplitude increases [Fig. 5(e)], compressive

stress builds up in the rock salt Cr1�xAlxN films up to �4.26 0.1GPa
for the same film thickness undergoing densification (qXRR¼ 4.66 0.1
and qRBS¼ 4.56 0.2 g/cm3) with no film delamination and no Cr-
surface enrichment. However, the as-deposited film at UAlþ ;Crþ

s
¼�200V with �7.66 0.5GPa stress delaminates with x¼ 0.66 and
N/(AlþCr)¼ 1.08. The film obtained with UAlþ ;Crþ

s ¼ �300V exhibits
x¼ 0.73 and N/(AlþCr)¼ 0.72 and a stress of �6.86 0.4GPa.

FIG. 5. (a) Schematic depiction of the two-stage deposition strategy for growing rock salt Cr1�xAlxN films without w-AlN using Alþ ion bombardment in the first stage, and Crþ

and Alþ ion bombardment in the second stage. (b) X-ray diffractograms (h–2h scans) from films obtained by this strategy at three different deposition times. (c) Film stress evo-
lution and Al metal fraction x plotted as a function of film thickness. (d) X-ray diffractograms from films grown with the two-stage HiPIMS approach with synchronized bias ampli-

tudes in the �100 V � UAlþ ;Crþ
s � �300 V range compared to film grown by HiPIMS with a floating bias of �30 V. (e) Residual stress and film thickness in films grown by the

two-approach as a function of substrate bias. The lines are only a guide to the eye.
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Adhesion tape tests on this reveal no observable peeling, indicating
good adhesion. These results highlight the influence of ion energies on
film composition, stress, and adhesion.

In contrast, HiPIMS films grown at Vfloat show tensile stress due
to w-AlN formation by low energy ion bombardment (�30 eV). We
note that the dynamics of defect generation/annihilation by �30–
300 eV Crþ ions at low growth temperatures (e.g., Ts<100 �C) is likely
to be vastly different from that reported for film growth involving high
temperatures and/or with high-energy/heavy ion fluxes.61–63 Thus, our
results show that two-stage biasing enables independent control of bias
pulse width, delay, and metal ion energies to stabilize rock salt
Cr1�xAlxN and is adaptable to other ternary transition metal nitrides
(TM¼Ti, Zr, V) based on the ToF of the ions to tailor composition,
stress, and density.

To summarize, we demonstrated the low-temperature
(< 100 �C) growth of single-phase Al-rich rock salt Cr1�xAlxN
films with 0.62� x� 0.73 using a two-stage HiPIMS-based syn-
chronized substrate bias pulsing strategy involving high-energy
Alþ and Crþ ion bombardment. The first stage of film growth fea-
tures selective Alþ ion bombardment to obtain rock salt Cr1�xAlxN
formation without Ar trapping and delamination, and the film
thickness is limited to< 230 nm to preclude wurtzite-AlN forma-
tion. The second stage involves increasing the Crþ ion energy with-
out halting the film growth, which stabilizes rock salt Cr1�xAlxN
with high Al contents up to x�0.7 and fosters compressive stress
without delamination or large compositional changes. These fea-
tures were not achievable with floating- or DC-biased films in
HiPIMS or DCMS. Our two-stage biasing strategy utilizing syn-
chronized substrate bias pulsing is attractive for realizing Al-rich
rock salt Cr1�xAlxN films with control over stress, composition,
microstructure, and hence mechanical properties.

See the supplementary material includes sputter yields (Table S1),
two-axis XRD scans and pole figures (Fig. S1), film delamination and
microstructures of HiPIMS film with DC bias (Fig. S2), TRIM recoil
simulations (Fig. S3) highlighting effects of Alþ, Crþ, and Arþ projec-
tiles, two-axis XRD scans confirming w-AlN phase formation in refer-
ence film under two-stage biasing growth strategy (Fig. S4) and cross
section scanning electron microscope images (Fig. S5).
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