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Abstract

Cubic rock salt structure AlygoCrosoN and AlgesCro3N films of different thicknesses were
grown epitaxially onto MgO(111) substrates by reactive unbalanced magnetron sputtering at
500°C. Rutherford backscattering spectroscopy reveals stoichiometric nitrides with Al/Cr
ratios close to the ones of the used compound targets of 60/40 and 70/30. High resolution x-
ray diffraction proves epitaxial growth over the whole film thickness up to thicknesses of ~1.8
um. Reciprocal space maps and selected area electron diffraction show that the AliCr; 4N
films grow fully relaxed. Scanning and transmission electron microscopy imaging reveals
columnar microstructures with column widths between 12—16 nm and {001} surface faceting
on individual columns. The fully relaxed growth and the columnar structure can be attributed

to limited ad-atom mobility on the initial AlyCr;(N(111) growth surface.
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1. Introduction

Ternary nitrides are used in a wide range of applications from semiconductors to protective
hard coatings. The binary nitrides AIN and CrN with wurtzite and rock salt crystallographic
structures, respectively, exhibit very low solubility for each other in the thermodynamic
equilibrium, even at 1000°C [1]. This miscibility gap can, however, be overcome by physical
vapor deposition (PVD) techniques with the formation of metastable Al,Cr; N solid solutions
in crystallographic modifications of the corresponding binary systems, where Al and Cr atoms
are substituting each other [2-9]. Depending on the desired application, thin film synthesis in
the AIN-CrN system is approached from two sides of the pseudobinary phase diagram.
Starting from hexagonal (wurtzite, B4) AIN, substitution by Cr leads to wurtzite AlyCr; N
(w-AlkCr1xN) which is applied for band gap engineering and the production of dilute
magnetic semiconductors in the field of spintronics [10-15]. Vice versa, alloying cubic (rock
salt, B1) CrN with Al results in rock salt structure AliCr;xN (c-AlxCr;4N) with improved
mechanical properties [2-6]. This opens up opportunities for cutting applications, in particular
for Al contents close to the maximum supersaturation for the B1/B4 transition in PVD films at
x=0.7-0.75 [2-5, 16].

Both binary systems, CrN and AIN, have been grown as epitaxial single layers in their native
B1 and B4 structure modifications, respectively [17, 18]. However, up to date, only
polycrystalline ternary c-AlyCri«N thin films have been studied. Here we present results on
epitaxial c-AliCri4N films with compositions deep within the miscibility gap. They were
deposited by reactive unbalanced magnetron sputtering onto single-crystal MgO(111)
templates. MgO also crystallizes in the rock salt structure and exhibits only a small lattice

mismatch of +2.5% for the investigated c-AlyCr; <N films with 0.60 < x < 0.68.



2. Experimental details

All films were grown in a high-vacuum deposition system equipped with two planar
unbalanced magnetrons tilted by 25° to the substrate normal. A detailed description of the
system is given elsewhere [19, 20]. For the deposition of the AliCr; 4N films, only one
magnetron was used, mounted with Al/Cr compound targets with atom ratios of 60/40 or
70/30, respectively. The substrates were positioned on a rotating multi-specimen substrate
holder, symmetrically around its rotation axis to achieve uniform film properties. The distance
between the substrates and the @ 75 mm target was 92 mm. The base pressure of the chamber
was 2.67x10™* Pa (2x107 Torr), achieved using a 510 I's”" turbomolecular pump. The reactive
sputtering was carried out in a pure N, (99.999 %) atmosphere at a pressure of 0.4 Pa
(3%107 Torr), measured by a capacitance manometer.

Polished MgO(111) wafers of 10x10x0.5 mm’ size with an average roughness (R,) of
0.114 nm were used as templates for the films. Additionally, equally sized pyrolytic graphite
substrates were used for detailed compositional evaluation. Prior to deposition, the MgO(111)
substrates were degassed and cleaned by holding ~750°C for 60 min. During deposition, the
substrates were kept at a constant temperature of 500°C, measured by a calibrated pyrometer
on an AlCr; 4N coated dummy substrate. After cooling down to room temperature the
samples were removed from the deposition chamber via a load lock system.

The magnetron was operated at 0.75 A using a constant current regulation, resulting in steady
discharge voltages of 370 V and 330 V for the 60/40 and 70/30 target, respectively. In order
to provide low-energy ion bombardment during growth, a substrate bias of -40 V was applied.
Before starting the deposition, the target was plasma etched for 3 min with the substrates
protected by a shutter. The influence of the film thickness on the developed microstructure
was addressed by samples grown with different deposition times (10, 60, and 180 min) to

cover film thicknesses from below 100 to more than 1000 nm.
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The chemical composition of the films was analyzed by Rutherford backscattering
spectroscopy (RBS) with a beam of 2 MeV *He" ions impinging at an incidence angle of 7°
with respect to the surface normal, and being detected at a scattering angle of 167°. The
recorded spectra were evaluated using the SIMNRA code [21]. For improved nitrogen
quantification, also films deposited onto pyrolytic graphite in corresponding batches were
measured, so that the maximum error for nitrogen is ~2 at%, while it is ~1 at% for the heavier
Al and Cr.

Structural characterization by high-resolution symmetric x-ray diffraction (HR-XRD), rocking
curves, and reciprocal space maps (RSM) was performed using a Philips X'pert MRD triple
axis diffractometer equipped with a Cu lab-source. The used optics were a parabolic graded
multilayer mirror collimator, followed by a channel-cut 2-bounce Ge (220) monochromator
on the primary side and an asymmetric 2-bounce Ge (220) analyzer crystal on the secondary
side resulting in Cu-K, monochromacy of AMA =4.183x10". Symmetric and asymmetric
RSMs were recorded around the MgO 111 and MgO 113 reciprocal lattice points,
respectively. In-plane and out-of-plane lattice spacings were evaluated from both RSMs, with
the asymmetric 113 RSM being projected onto the [111] and [110] crystallographic axes.
Azimuthal XRD scans recorded on the film and substrate 002 reflections were measured with
an open detector at a tilt of 54.7° with respect to the diffraction plane (‘P-tilt).

A Zeiss EVO 50 scanning electron microscope (SEM) equipped with a tungsten filament was
used to study the developing morphology by plan-view and fracture cross-section
investigations in dependence of the film thickness.

Cross-sectional transmission electron microscopy (TEM) was performed on a
Tecnai G* TF 20 UT microscope operating at 200keV for detailed studies of the
microstructure. The specimens were prepared by mechanical grinding and polishing before

dimpling and a final ion milling step with Ar-ions in a Gatan precision ion polishing system.



3. Results and discussion

The RBS investigations reveal stoichiometric nitrides with an (Al+Cr)/N ratio of 1.00 for all
films. The Al/Cr ratios are homogeneous over the whole film thickness and close to the ones
of the corresponding targets, with chemical compositions of Al ¢oCro.4N and Al ¢sCro 32N for
the 60/40 and 70/30 targets. Assuming bulk atomic CrN density, the fitted RBS spectra yield
deposition rates of 9.7 and 4.9 nm/min for the 60/40 and 70/30 targets, respectively. The
deposition times of 10, 60, and 180 min result in total thicknesses of 100, 580, and 1750 nm
for the AlpeCro4N and 50, 300, and 900 nm for the AlyesCro3,N films. Despite identical
deposition currents, the different composition affects the target poisoning during the reactive
sputtering. The more likely poisoning of the Al results in a lower discharge voltage, hence a
lower total power and therefore significantly reduced deposition rate for the 70/30 setup.

Overview conventional XRD 20—® scans from 25-85° indicate single-phase c-AlyCr;xN films,
with corresponding MgO and c-AlyCr <N £// peaks. No w-AlCr;«\N phase was observed,
despite  the potential epitaxial relationship of  (111)me0||(0001)w-aicenn  and

[110]ygoll[1210], 5,y - HR-XRD was used to investigate the region 34° <26 <50°,

covering the c-AlyCr; <N and MgO 111 and 002 peak positions, respectively. Figures 1a and
Ic show the corresponding 206-m scans of c-AlygCrosN and c-AlyesCro3N films for
different thicknesses. Samples with 180 min deposition time are comparable in peak position
and intensity to the corresponding 60 min samples and for reasons of clarity not displayed in
Fig. 1. The peak center positions lie at 20 values of ~36.94° for MgO 111, at ~37.83° for
c-Alp0Cro4oN 111, and at ~38.05° for c-AlpesCrosN 111. Only negligible traces of a

c-Alp60Cro40N 002 peak at ~43.5° can be observed.
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Fig. 1. HR-XRD scans of AlygoCro4oN () and AlygsCro 32N films (c) with the corresponding
rocking curves (b) and (d), respectively, recorded at the position of maximum 26 intensity.
The theoretical positions for MgO [22] are indicated with a triangle, a range for c-Al,Cri«N
is indicated with boarders corresponding to CrN [17] and c-AIN [22].

The out-of-plane lattice parameters calculated from the values above result in 4.211 A for
MgO, which corresponds well to the literature value of 4.211 A [22]. The c-AlLCr;«xN lattice
parameters depend on the Al content as shown for polycrystalline coatings [3-6, 8]. Here, the
calculated lattice parameters are 4.116 A for the AlggCrosN and 4.093 A for the
AlpesCrp3oN films, which are in good agreement with reported values. Via the Scherrer

formula (&;=A/(2[29-,c0s0)) the peak full widths at half maximum (FWHM) in 26-® scan

direction (I'20-,) can be used as a measure for the vertical size of coherently scattering
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volumes &, [17, 23-25]. Smaller values indicate fewer defects, and/or a larger crystal size
along the growth direction. The I'20-, values for the bulk MgO single crystal substrates are
likely to be smaller in comparison to the I'»¢_, values of the films, whose maximum vertical
size of coherently scattering volumes is limited by the film thickness. Disregarding the
influence of microstrain the values are £,=120 nm (I"20., = 0.08°) for the 580 nm and 1750
nm thick AlygoCro4oN films and 54 nm (I'z9., = 0.17°) for the 100 nm thick Al oCro4oN. For
the 300 nm and 900 nm thick AlyesCro3:N films &;=85 nm (I'29., =0.11°), and &,=38 nm
(T0-0 = 0.24°) for the 50 nm AlysCro3N thick film is obtained. The trend of decreasing
€. /thickness ratio with increasing film thickness is due to growing influence of the
instrumental broadening. The &, values for the thicker films (deposition time 60 and 180 min),
are within the range of the calculated &, values for the bulk single-crystal MgO substrate
value of 150 nm (T'20., = 0.04°). It can therefore be concluded that the size of coherently
scattering volumes lies within the range of the film thickness and that contribution of
structural defaults, and hence microstrain is negligible. This in turn justifies the use of the
simple Scherrer equation to evaluate & .

Figures 1b and 1d display rocking curves (m-scans) over the 111 c-AliCr; 4N film peaks that
correspond to the 20-o scans of Figs. 1a and 1c. Absolute values for the FWHM I, of the
thickest films are [, =0.87° for the AlpeCrosN 111 peak and I',=1.11° for the
AlpesCrp32N 111 peak. These I', values are higher compared to previously reported values for
epitaxial layers of rock salt structure binary nitrides with comparable lattice mismatch, like
0.14° for TiN [23], 0.15° for CrN [17], or 0.6° for TaN [26]. Also materials that exhibit
significantly larger lattice mismatches to MgO like HfN (Aa~7.5%) and ScN (Aa~7%) show
smaller I';, of 0.58° [24] and 0.87° [25], respectively. [, is among other factors influenced by
the lateral size of coherently scattering volumes &, strain due to dislocations and mosaicity

[27]. Rocking curves on the Al;«CriN 222 peaks, not shown, reveal that in reciprocal space
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the FWHM in qx direction I'qx for Al;«CrN 111 is smaller than for Al;«CryN 222. This
implies a contribution of & and mosaicity, since for pure lateral coherence length influence

I'x 111 and I'gx 222 should be the same according to the mosaic block model of epitaxial
films [28].

The higher I';, values of the present c-AlyCr;«N films can hence be explained by either lower
lateral coherence length or increased strain and mosaicity. The latter one is mainly linked to
the formation of dislocations, and hence lattice-mismatch dependent. Therefore different film
materials can not directly be compared. Even for the same film material a reduced lateral
coherence length can be induced by the choice of the substrate. The MgO(111) templates used
for epitaxial growth in this work for example provide a less stable heteropolar surface
resulting in higher defect densities compared to the low energy MgO(001) surface used in the
other studies [17, 23-26]. Also, a c-AlyCr; 4N (111) growth plane provides three backbonds,
which drastically decreases the ad-atom surface mobility. This influence is further aggravated
by the lower substrate temperature employed in the present study.

The epitaxial relations between the MgO substrate and the Al oCro4oN and Al sCro3N
films were further investigated by 360° azimuthal scans over the 002 peaks (Fig. 2). The
scans were performed at 20 =44.055° for the AlypsCrosN (Fig. 2a), 44.287° for the
Alp6sCrp 32N sample (Fig. 2b), and 42.930° for the MgO substrate (Fig. 2¢), and prove the
cube-on-cube epitaxial relation (111)mgo||(111)c-a1crn and [110]mgol|[110]c-a1cn since the film
intensity maxima lie at identical azimuthal angles as the (111) substrate peaks. Additional to
the threefold substrate peaks Figs. 2a and 2b also display a second threefold symmetry with
peaks of minor intensities at an azimuthal shift of 60°. These contributions are due to the
existence of either double positioning domains [29] or stacking faults/microtwins on the (111)
planes. However, their low 0.5% intensity ratio to the main epitaxial peaks indicates a
marginal quantity that can only be seen with the open detector setup and on the logarithmic

scale.
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Fig. 2. Azimuthal XRD scans for ¥=54.7° on the 002 reflections of epitaxial AlyoCro4oN (a)
and AlpesCro 32N films (b) as well as from the MgO(111) substrate (c).

Figure 3 shows RSMs recorded around the 113 MgO reciprocal lattice points for films of both
compositions, with g, and gy aligned along [001] and [110]. The measured intensities of the
580 nm thick AlyoCro4oN and the 300 nm thick AljesCro32N films and the corresponding
MgO substrates are displayed in Figs. 3a and 3b, respectively. The arrowed lines indicate the
direction of the reciprocal lattice vector. Both film intensity distributions are centered on this
line suggesting fully relaxed growth during the deposition process [30, 31]. Consequently, the
calculated in-plane (aj) and out-of-plane (a,) lattice parameters are identical within the
accuracy of the measurement. Absolute values are aj=a,;=4.211 A for MgO, a=4.116 and
a;=4.117 A for AlyeCro4N, as well as a=4.095 and a,;=4.096 A for AlysCro3N. These
values correspond well to the results from the 20-o diffraction data in Figs. la and lc.
Differences in maximum intensities can be explained by the lower thickness of the

Alp6sCrg 32N compared to the AlygCro4oN film. Also, the intensity distributions of the films
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lie essentially perpendicular to the reciprocal lattice vector, indicating a minor influence of &,

but mainly broadening due to mosaicity.
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Fig. 3. Asymmetric RSMs around the MgO 113 reciprocal lattice point for epitaxial
AlosoCroaoN (a) and AlgesCros2N films (b) grown on MgO(111). The intensity contours are
projected into the plane with the orthogonal directions [001] and [110].

In conclusion, the x-ray investigations suggest fully relaxed growth of the Aly¢Cro4oN and

AlpesCro3oN films with the vertical size of coherently scattering volumes extending over

almost the full film thicknesses of 1750 nm and 900 nm, respectively.

To further evaluate the film microstructure, SEM images were obtained of which Fig. 4
exemplary displays (a) the fracture cross-section and (b) the top view from the 1750 nm thick
Alp6oCrp 40N film. The cross-section reveals the fracture of the MgO substrate along the {001}
cleavage planes and also illustrates a fibrous columnar structure of the film, which has
cracked along boundaries in between individual columns. The column tips exhibit growth
facets that are clearly visible in the top view of Fig. 4b. These cube corner shaped surface
facets formed by three {001} planes around the [111] direction has been reported in literature
before for rock salt structures grown with (111) texture [32]. SEM investigations of
Alp6oCrp4oN films with different film thicknesses revealed full development of these facets

already after 50 nm, followed by a steady-state growth condition with little competition for
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growth between individual columns as is suggested also by their upright boundaries in Fig 4a.

Areas of bigger facets seen in Fig. 4b can be related to surface defects of the initial MgO

substrate [33, 34].

Fig. 4. SEM micrographs of fracture cross-section (a) and top view (b) of a 1750 nm thick
AlogoCro.4N film grown on MgO(111).

The columnar microstructure is also apparent in cross-sectional TEM (XTEM) as illustrated
in Fig. 5a which is an overview image from the 1750 nm thick AljeCro4oN film. It confirms
the HR-XRD results that the vertical size of coherently scattering volumes — i.e. columns —
extends over the whole film thickness. Figure 5b shows the interface region of the 900nm
thick AlpesCro 32N sample which already features a columnar structure. The magnified view in
Fig. 5¢, however, reveals that the columns with ~12 nm are slightly narrower compared to the
Alp.oCrg4oN film with ~16 nm. These column widths match the average diffusion path length
on the Al;xCryN(111) surface of only ~12 nm, calculated based on the applied deposition
parameters and theoretical surface binding energies of TiN [35], isostructural to the CrN and
Al xCrN. A different column width for Al g0Cro4oN and AlgsCro 3N may be attributed to
changed overall mobility with increasing Al content. Taking into account the average lattice

constants for MgO (4.211 A) and Al,.Cr,N (4.105 A), the theoretical distance between two

-12-



(d) :
222 402
- . «
111 311
- L ] -
000 22[:1
-
interface Alﬂ EBCrD 32I\I.r'l'h.ﬂg'i)

Fig. 5. Cross-sectional TEM micrographs from AlpgoCro4oN () and AlyssCros:N (b) films
grown on MgO(111) with a magnified view of the columnar structure in (c) and a SAED spot
pattern of the interface area in (d).

dislocations is ~39 plane spacings, i.e. ~12 nm along the [110] direction. Hence, the average
diffusion path length, the column width and the theoretical dislocation distance all lie in the
same range. We therefore conclude that each column is essentially free of any dislocation.
Comparable results have been observed for nanocolumnar GaN films grown in a low surface
mobility regime [36]. This again justifies the application of the Scherrer formula to calculate
.. The interfacial lattice mismatch between the film and the MgO can be accommodated by
voids at the columnar boundaries, which have been described for TiN and NbN epitaxial films

before [37]. The voids are detectable in Fig. 5S¢ as regions of lower density along the columns
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boundaries. They result from the limited adatom mobility calculated above, which yields a
non-planar growth front with surface faceting accompanied by self-shadowing at the film
surface cusps. Fig. Sc also illustrates that each column is slightly tilted with respect to the
others. Due to their small lateral size the superposition of these tilted crystalline columns in
reciprocal space has the same appearance as a tilt of mosaic blocks separated by dislocations,
hence this explains the intensity distribution perpendicular to the reciprocal lattice vector in
the asymmetric RSMs of Fig. 3. This is also one reason for the broadening of the rocking
curve width I, in Fig. 1.

Figure 5d shows a selected area electron diffraction (SAED) pattern, including the interface
region of the AljesCro32N sample and the MgO substrate. The distinct spot pattern further
confirms epitaxial cube-on-cube relation and the fully relaxed growth mode, since the peak
splits of MgO substrate and Al ¢3Cro 32N film, especially seen for higher order reflections like
(402), are aligned towards the direct beam spot. From the XTEM analysis also the obtained

deposition rates from RBS could be verified.

4. Conclusion

Epitaxial AlpgCro4oN and AlysCro3N films can be grown on MgO(111) substrates by
reactive unbalanced magnetron sputtering at a deposition temperature of 500°C. The films
grow in the rock salt structure with fully relaxed lattice parameters of ~4.116 A for the
Aly6oCroaoN and ~4.093 A for the Alg¢sCro3N composition. A self-organized 3D island
growth mode with low adatom mobility is observed, resulting in fibrous epitaxial columns.
The columns extend over the whole film thickness and exhibit threefold {001} facets on top.
The low diffusion path length of only a few nanometer and hence high nucleation density on

the initial (111) surface defines the final column width. The observed differences in the
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column width between 12 and 16 nm depending on the film composition are likely connected

to different Al and Cr adatom mobility on the growth surface.
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