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Abstract: (Tips, Mgps5)N thin films were synthesized by reactive dc magnetron sputtering from
elemental targets onto c-cut sapphire substrates. Characterization by 826 X-ray diffraction and pole
figure measurements shows a rock-salt cubic structure with (111)-oriented growth and a twin-domain
structure. The films exhibit an electrical resistivity of 150 mQ)-cm, as measured by four-point-probe,
and a Seebeck coefficient of —25 pV /K. It is shown that high temperature (~800 °C) annealing
in a nitrogen atmosphere leads to the formation of a cubic LiTiO,-type superstructure as seen by
high-resolution scanning transmission electron microscopy. The corresponding phase formation is
possibly influenced by oxygen contamination present in the as-deposited films resulting in a cubic su-
perstructure. Density functional theory calculations utilizing the generalized gradient approximation
(GGA) functionals show that the LiTiO,-type TiMgN, structure has a 0.07 eV direct bandgap.

Keywords: sputtering; thermoelectrics; titanium nitride; magnesium nitride; ternary nitride

1. Introduction

Titanium nitride-based hard coatings [1-3] have a long history for use in applica-
tions such as protective layers and hard coatings. Thus, the search for TiN based al-
loys has led to the development of an extensive series of alloys, e.g., Ti-Si-N [4,5] and
Ti-Al-N [6-8]. Among the many TiN-based compounds, titanium-magnesium nitride
(Tip5, Mgo5)N [9-11] is of particular interest due to its semiconducting properties, which
motivates research on electronic and energy-related applications. Previous attempts to
synthesize (Tij_,, Mgy)N [12-17] aimed at studying (Ti;_,, Mgyx)N growth and properties,
such as oxidation resistance in comparison to pure TiN or use as a decorative coating due
to color variations. However, research in (Ti;_,, Mgy)N alloys gained additional interest
due to the research regarding the thermoelectric properties of rock-salt cubic scandium
nitride (ScN).

ScN [18-22] exhibits a relatively large thermoelectric power factor of (2.5-3.5) X
1073 Wm~1.K~2. However, the relatively high thermal conductivity [23-26] of approxi-
mately 8-12 Wm~1-K~! results in a low thermoelectric figure of merit (zT). To address
this issue, Alling [27] studied (Ti;—y, Mgy)N alloys and a hypothetical semiconducting
TiMgN, superstructure using density functional theory (DFT) and proposed that by re-
placing the group-3 element scandium with a group-2 alkaline earth element (magnesium)
and a group-4 transition metal (titanium), it is possible that the resulting compound will
have a similar power factor to that of ScN, but with a reduced thermal conductivity. The
study predicted the stability of a naturally layered B1-L1; superstructure TiMgN,, and
that the possible reduced thermal conductivity may stem from interface phonon scattering.
The Kohn-Sham band structure calculations predicted stoichiometric TiMgN, to have a
1.11 eV bandgap using the HSE06 [28] hybrid functional. Irokawa and Usami [29] predicted
similar results using the generalized gradient approximation (GGA) for predicting the
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band-structure using Perdew-Burke-Ernzerhof (PBE) functional, [30] which is qualitatively
accurate in predicting the existence of band-structure energy gaps.

In a previous paper [31], we studied different crystal structures with an ABN; stoi-
chiometry (A and B being elements), concluding that stoichiometric and elementally pure
TiMgNj is stable in the NaCrS; superstructure (which is equivalent to the B1-L1; depend-
ing on viewpoint direction) and predicted its thermoelectric power factor to be larger
compared to ScN. Furthermore, ZrMgN, and HfMgN, were also predicted to be thermo-
electric semiconductors that may crystallize in either the hexagonal NaCrS; superstructure
or the LiUN, prototype monoclinic structure. These compounds were all predicted to be
thermodynamically stable, suggesting that they can be synthesized by physical vapor depo-
sition. Synthesis of Mg,Zr,_Nj by Bauers et al. [32] confirms semiconducting properties
through temperature-activated conductivity measurements and an onset in the optical
absorption spectrum.

Here, we synthesized (Tig5, Mgos)N thin film alloys and annealed them at high
temperatures in a pure nitrogen gas flow. In addition to studying (Tig 5, Mgo5)N and its
thermoelectric properties, post-annealed (Tig 5, Mgo5)N are investigated for the formation
of any superstructure and/or other secondary phases.

2. Materials and Methods

Depositions were performed by reactive dc magnetron sputtering in an ultra-high
vacuum chamber [33]. The films were deposited onto (0001) sapphire substrates (10 mm X
10 mm x 0.5 mm), ultrasonically cleaned with commercially available detergents (3 min),
de-ionized water, acetone and ethanol (10 min each) and blown dry using N». The details
of the cleaning method and detergent can be found elsewhere [34]. The substrates were
heated 400 °C for one hour prior to the deposition process; the temperature was maintained
until the end of the process. The films were deposited using 5-cm-diameter Ti (99.95%
pure, Kurt J. Lesker, East Sussex, UK) and Mg (99.95% pure, MaTeck, Jiilich, Germany)
targets and an argon/nitrogen gas mixture (99.9997% pure for both gases). The deposition
pressure was set to 0.65 Pa (4.9 mTorr). The substrate holder was rotated with a speed of
15 rpm and at floating potential. The deposition time was 120 min for the 28% nitrogen gas
mixture (25 sccm Ny, 65 scem Ar).

Most of the characterization approach is analogous to our previous work [35]. X-ray
diffraction (XRD) 6-26 scans were measured in a PANalytical X'Pert PRO diffractometer
system (Cu K«) (Malvern Panalytical, Almelo, The Netherlands) operated at 45 kV and
40 mA. The incident optics was a Bragg-Brentano module including a 0.5° divergence slit
and a 0.5° anti-scatter slit, and the diffracted optics included a 5.0 mm anti-scatter slit
and 0.04 rad Soller slits. The solid-state detector was set to one dimensional scanning line
mode. Step sizes and collection times per step of 0.004° and 2 s, respectively. Pole figures
were acquired in a PANalytical EMPYREAN diffractometer (point focus mode, 45 kV and
40 mA, Malvern Panalytical, Almelo, The Netherlands). A 2 mm x 2 mm crossed slit X-ray
lens and a parallel plate collimator as the incident and diffracted beam optics was used,
respectively. Pole figures of the (Tip 5, Mgo5)N 111 peak were acquired for the tilt-angle ()
range from 0° to 85° and azimuth-angle () range between 0° and 360° with steps of 5° for
both V¥ and ¢ and a collection time of 1 s.

The chemical composition of the film annealed at 820 °C was determined from X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD, Kratos Analytical, Manchester, UK)
equipped with a monochromatic Al Ko X-ray radiation (hv = 1486.6 eV) source. The base
pressure in the analysis chamber during acquisition was less than 1 x 10~ mbar. Survey
spectra and core-level spectra of the Ti 2p, N 1s, Mg 1s, and O 1s regions were recorded
as a function of sputter etch time up to 120 min. For that, a 0.5 keV Ar* ion beam with
an incidence angle of 20° from the surface and rastered over an area of 3 mm x 3 mm
was used. Charge compensation was necessary to employ during measurements due to
non-conducting substrates. The core-level spectra recorded after Ar* etching was used
to extract the chemical composition of the film. Here, a Shirley-type background was
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subtracted, and elemental cross sections provided by Kratos Analytical were applied. Due
to preferential sputtering of nitrogen, a 5% error bar is expected [36].

Scanning electron microscopy (SEM) was performed in a LEO 1550 Gemini SEM (Zeiss,
Oberkochen, Germany) operated at 5 kV acceleration voltage. The metal-to-atom ratio
was determined by an energy dispersive X-ray spectroscopy (EDS, Oxford Instruments,
Abingdon, UK) setup with the acceleration voltage set to 20 kV. High resolution-scanning
transmission electron microscopy (HR-STEM) was performed in a Titan® 60-300 (FEI,
Hillsboro, OR, USA). An FEI Tecnai G2 TF20 (Hillsboro, OR, USA) with a field-emission
gun operating at 200 kV was used for selected area electron diffraction (SAED). Cross-
sectional samples for the TEM were prepared by mechanical polishing to ~55 um by hand.
Ion milling was then performed using a Precision Ion Polishing System (PIPS, Gatan,
Pleasanton, CA, USA) with a 5 keV Ar* ion beam, angle of incidence 8° relative to the
sample surface for 2 h, and 5° for 4 h. Once electron transparency was reached, a final ion
milling step was applied with lower energy ion beams (2 keV) for 30 min.

The electrical resistivity of all samples was obtained by measuring the sheet resistance
of the films with a four-point-probe RM3000 station (Jandel, Leighton Buzzard, UK). The
measured sheet resistance was multiplied with the film thickness of approximately 250
nm (from cross-section SEM, +10 nm) to obtain the resistivity. The Seebeck coefficient was
obtained by an in-house setup described elsewhere [37]. Measurements were conducted
in open-air conditions and the temperature gradient over the sample was approximately
50 °C. Sample annealing was done in an air-tight furnace with a nitrogen gas flow. Each
annealing session was done for 30 min at 610, 770, and 820 °C. A final annealing session at
820 °C was also done for 1 h.

Density functional theory calculations were performed to study the electronic band
structure of a LiTiO;-type (I4; /amd) TiMgN, structure. First-principles calculations were
performed using DFT [38,39] with the projector augmented wave method (PAW) [40] as
implemented in the Vienna ab initio simulation package (VASP) [41-43] version 5.2. Elec-
tronic exchange-correlation effects and the electronic band structure were modeled with the
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) func-
tional [30]. The Kohn-Sham gaps of standard GGA calculations are systematically smaller
than experimental bandgaps, but the results are suitable for qualitative research. The plane
wave energy cutoff was set at 600 eV. The required structure files for the crystal structures
were obtained from the Inorganic Crystal Structure Database (ICSD) and converted to
VASP input files using cif2cell [44]. The band structure illustrations were prepared by the
high-throughput toolkit (httk) [45], and the crystal structures by Visualization for Electronic
and STructural Analysis (VESTA) [46].

The present work uses the same correction of the N, energy as used in the Materials
Project, based on work by Wang et al. [47]. It is known that standard GGA exchange-
correlation functionals in DFT, have systematic errors in the prediction of energy differences
between solid and gas phase systems [48]. Hence, it is common to adjust the gas phase
energy in order to reproduce the formation energy of a system relative to a gas end-point.

The calculations used a 4 x 4 x 4 k-point mesh for Brillouin zone sampling generated
with the Monkhorst-Pack scheme [49]. For band structure calculations, the tetrahedron
method was used to obtain bandgap values with spin polarization included [50].

3. Result and Discussion

Figure 1 shows a 6-20 scan of a (Tips5, Mg s5)N random alloy as-deposited film on
a c-cut sapphire substrate. The 111 peak from a face-centered cubic TiN structure of the
film is observed next to the sapphire 0006 substrate peak. The inset shows a pole figure
measurement of the (Tips5, Mg 5)N thin film. The pole figure is performed at 26 = 36.30°
corresponding to diffraction from the (111) lattice plane. In this case, six high-intensity
poles at 1 = 70° surround the center pole due to twin-domain growth which is expected
for the growth of a cubic material on sapphire substrates. Based on the peak position, the
lattice parameter for (Tip 5, Mgp5)N is approximately ag = 4.30 A. Assuming the theoretical
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lattice parameter of 4.44 A for MgN®, 4.25 A for TiN (Materials Project database) and
Vegard’s law for a 50-50 random alloy, the theoretical lattice parameter value for (Tigs,
Mgp5)N would be approximately 4.35 A.

(a)

(Ti, Mg)N 111 Jf\

I

Intensity (A. U.)

Pole figure
measurement
on (Ti, Mg)N
111 peak

¥ =70°

T

30 35 40 45 50
20 (°)

Figure 1. (a) XRD of as-deposited (Tig 5, Mgp5)N thin film showing growth in the (111) direction; (b)
Pole figure measurements (inset) show twin-domain epitaxial growth.

Figure 2 shows the post-annealing 620 scans of a (Tip 5, Mgp5)N film after 30 min
of heat treatment in pure nitrogen. After annealing at 610 °C, the 111 peak shows a shift
towards a larger 20 angle, presumably resulting from stress relaxation in the film. However,
after annealing at 770 °C, a small peak located at 20 ~19° shows the presence of a phase
with a relatively large lattice parameter. After annealing at 820 °C, this peak becomes more
pronounced (marked by an arrow in Figure 2).

(Ti, Mg)N 111

1
< ]
5 ] VTR, B 520 °C
N ' [T N 770 °C
1 l"m'ﬂuruw#'m«w&w'l 610 °C
‘ [ As deposited

26(°)

Figure 2. XRD comparison between as-deposited (Tips5, Mgp5)N film with post-annealed films
(30 min duration). At 820 °C, phase transformation becomes evident.

In order to further develop the phase transformation seen in Figure 2, the film was
then annealed for an additional hour at 820 °C, yielding a set of more pronounced XRD
peaks located at 20 = 18.25°, 36.88°, 56.75°, and 78.53° seen in Figure 3. These peaks are
multiples of each other (Table 1). The additional peak located at 26 = 19.18° originates
from a spinel phase, MgAl,Oy4, most likely formed by a reaction between the film and the
substrate [51].
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Figure 3. XRD of post-annealed (Tig5, Mgp5)N thin film (60 min duration). The results show the
evolution of new peaks pointing towards a phase transformation and includes a reaction between
the film and substrate (MgAl,O, 111).

Table 1. Relationship between peaks of post-annealed (Tip 5, Mgg5)N thin film (60 min duration).
Results show that the newly formed peaks are multiples of each other.

20 (°) d-Spacing (A) Multiple
18.25 4.86 1
36.88 2.44 1/2
56.75 1.62 1/3
78.53 1.22 1/4

Figure 4a shows an SEM image of the as-deposited film surface. The film is porous
and has a columnar-type growth, consistent with the relatively low deposition temperature
of 400 °C, which was chosen due to the relatively high vapor pressure of magnesium. EDS
measurements show that the as-deposited (Tip 5, Mgp5)N film has a 1:1 Ti/Mg atom ratio.
The room-temperature in-plane electrical resistivity of the as-deposited film is measured to
be 150 mQ)-cm, several orders of magnitude higher than pure TiN (20 uQ-cm [52]). This
is due to the addition of magnesium, consistent with the fact that magnesium nitride is a
semiconductor. Note that magnesium nitride has the Mg3N, stoichiometry, and that the
stabilized mononitride MgN (due to the TiN structure) would be highly prone to oxidation
in pure form. The room-temperature Seebeck coefficient is measured to be approximately
—25 uV/K, lower but of the same order of magnitude as ScN.

Figure 4b—d show SEM images of the surface morphology after annealing, showing a
major change in the surface morphology. Further annealing of the sample for one hour at
820 °C fully transforms the surface morphology from the initial columnar growth, as seen
in Figure 4e.

Figure 5 shows a Z-contrast high-resolution scanning transmission electron microscopy
(HR-STEM) image of the (Tig5, Mgp5)N film annealed at 820 °C for one hour. The image
shows a 5 nm X 10 nm nanoinclusion superstructure inside the (Tip 5, Mgp5)N rock-salt
cubic matrix and positioned in between grain boundaries. The inset in Figure 5 shows the
selected area electron diffraction (SAED) of the nanoinclusion showing a cubic structure
along the [112] direction. However, these nanoinclusions have a lattice constant twice as
large compared to the rock-salt (Tip 5, Mgo 5)N alloy, and form as an ordered superstructure
on the same underlying lattice after the temperature-activated phase transformation.
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a) As deposited b) 610 °C

.\’
d) 820°C

e)820°C, 1 h

»

Figure 4. SEM comparison between as-deposited (Tip 5, Mgg5)N film with post-annealed films. The
as-deposited films show a porous and columnar-type growth, while as the post-annealed films show
a change in surface morphology hinting towards surface oxidation: (a) as-deposited; (b) annealed at
610 °C; (c) annealed at 770 °C; (d) annealed at 820 °C; (e) annealed at 820 °C for one hour.
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Figure 5. (a) High-resolution STEM image of newly formed nanoinclusions. Note that phase
transformation occurs at grain boundaries; (b) SAED image of the nanoinclusion.

An XPS depth profile (Figure 6) was performed on the (Tip5 Mgps)N alloy film
(annealed at 820 °C) to study oxidation effects. The results show that this annealed sample
is highly inhomogeneous. Mg and O are the only elements present at the surface and
the quantitative analysis suggests stoichiometric MgO formation. This could explain
the surface morphology change seen in Figure 4, indicating continued oxidation during
annealing processes. The porous features of the as-deposited film are most likely the source
of the oxygen in the film when removing it from the UHV chamber. After prolonged
sputter-etching, the film consists of approximately 24 at.% titanium, 21 at.% nitrogen,
19 at.% magnesium and 36 at.% oxygen. Due to the lack of an internal charge reference, the
reliable determination of the bonding character cannot be attempted [53]. Nevertheless,
the Ti 2p spectrum shows that Ti atoms are present in multiple chemical states likely
involving Ti-N, Ti-O-Ny, and Ti-O bonding. EDS measurements (Figure 7) shows that
the post-annealed film consists of titanium-rich and magnesium-rich regions (~10 nm in
size) with a nanometer-sized boundary layer in between. These results, coupled with the
HR-STEM, show that the phase transformation initially identified by XRD is due to Ti/Mg
oxynitride nanoinclusions that form in between grain boundaries. These nanoinclusions
show a similar structure to that of the LiTiO,-type cubic structure [54] (Figure 8, top image)
and hint towards TiMgN, formation being oxidized during the annealing process due to
the initial presence of oxygen in the porous film. The predicted structure hasana =b =
¢ = 8.635 A lattice parameter at « = p =y = 90° and a unit cell volume of approximately
644 A3 (Niggli-reduced cell: a =b = ¢ = 6.106 A and « = B =y = 60°). Note that the
electron count for phase pure LiTiO, (Li'* Ti** 0>~ O%7) is +1, and thus it would not
be a semiconductor, although DFT calculations of TiMgN, crystallized in the LiTiO,-
type cubic structure predicts an electronic band structure (Figure 8, bottom image) with a
0.07 eV direct bandgap. The predicted band structure uses the PBE GGA functional, which
systematically gives Kohn-Sham bandgaps that are smaller than experimentally observed
gaps. This means that since we find the existence of a bandgap in our calculations, the
material would, if existing, display an even larger gap.

It should be noted that neither the NaCrS; nor the LiUN; structures regarding the
hypothetical TiMgN, structure are observed experimentally here. This could be explained
by the oxygen present in the film which may drive the phase transformation towards a
cubic superstructure. Also, it is possible that a cubic superstructure is preferred over the
layered NaCrS, structure when the starting crystal structure is rock-salt cubic.
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Figure 6. XPS depth profile of the (Tip 5, Mgo5)N alloy film (annealed at 820 °C).

Figure 7. EDS map of post-annealed film shows magnesium-rich and titanium-rich regions with
phase transformation occurring in between.
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Figure 8. (a) 3D rendering of the LiTiO,-type stoichiometric TIMgN structure; (b) DFT band structure
calculations predict that LiTiO,-type TiMgN, has a direct bandgap of 0.07 eV.
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4. Conclusions

(Tip.5, Mgo.5)N thin films with a 1:1 metallic atom ratio were synthesized by reactive
magnetron sputter deposition onto c-cut sapphire substrates. (Tig 5, Mgy 5)N is a semicon-
ductor, and exhibits a Seebeck coefficient value of a —25 uV/K and an electrical resistivity
of 150 m()-cm at room temperature. Thermal annealing of (Tip 5, Mgp5)N results in the
formation of a cubic superstructure in the form of a LiTiO;-type nanoinclusion inside the
rock-salt cubic solid solution. Due to the presence of oxygen in the film, the nanoinclusions
are a Ti/Mg-based oxynitride; such a quaternary phase may show interesting semiconduct-
ing properties. DFT calculations for a stoichiometric TiMgN; crystallized in the LiTiO,
structure predict that this superstructure has a direct bandgap of 0.07 eV. It is possible that
a Ti/Mg oxynitride with semiconducting properties would show high oxidation resistance,
making it a suitable choice for research regarding high-temperature applications (e.g.,
thermoelectrics). Additional research could also focus on the synthesis and annealing of
denser and oxygen-free thin films, preferably at higher temperatures.
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