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 Epitaxial Ti1−xMgxN(001) layers were deposited on MgO(001) by reactive magnetron co-
sputtering from titanium and magnesium targets in 15 mTorr pure N2 at 600 °C. X-ray diffraction 
(XRD) indicates a solid solution rock-salt phase for the composition range x = 0 - 0.55, a lattice 
constant that increases monotonously from 4.251 Å for TiN to 4.288 Å for Ti0.45Mg0.55N, and a 
decreasing crystalline quality with increasing Mg content, as quantified by the XRD ω rocking-
curve width which increases from 0.25° to 0.80°. XRD φ-scans show that all Ti1−xMgxN layers 
with x ≤ 0.55 are single crystals with a cube-on-cube epitaxial relationship with the substrate: 
(001)TiMgN║(001)MgO and [100]TiMgN║[100]MgO. In contrast, a larger Mg concentration (x = 0.85) 
leads to a polycrystalline, phase-segregated, nitrogen-deficient microstructure. The room-
temperature electrical resistivity increases from 14 𝜇Ω∙cm for x = 0 to 554 and 3197 𝜇Ω cm for x 
= 0.37 and 0.49, respectively. Ti1−xMgxN layers with 0.49 ≤ x ≤ 0.55 exhibit a negative temperature 
coefficient of resistivity which is attributed to the decreasing electron density of states at the Fermi 
level and a weak carrier localization. Optical transmission and reflection measurements indicate a 
decreasing electron density with increasing x and absorption minima at 2.0 and 1.7 eV for 
Ti0.63Mg0.37N and Ti0.48Mg0.52N, respectively, suggesting an extrapolated band gap for 
semiconducting Ti0.5Mg0.5N of 0.7-1.7 eV.  
Keywords: Titanium nitride; magnesium nitride; epitaxy; TiMgN; resistivity; optical transmission;  
 
 
I. Introduction 

Transition metal nitrides are widely used as hard wear-protective layers, diffusion barriers 
in microelectronics and photovoltaics, and optical or decorative coatings, as they have prominent 
physical properties including high hardness, wear and corrosion resistance, and high temperature 
stability.1-7 TiN is the most widely studied and is presently used commercially in all of the above 
mentioned applications. It crystallizes in the cubic rock-salt structure and exhibits a high hardness 
and chemical inertness.8,9 The physical properties of TiN can be tailored by alloying with other 
metal nitrides. For example, alloying with AlN,10,11 CrN,12 and/or YN13 has been shown to increase 
its hardness, temperature stability and corrosion resistance. In addition, the formation of a solid 
solution of TiN with nitrides of elements with more or less valence electrons can be effectively 
used to control the density of conduction electrons.14 For example, ternary nitrides of Ti with 
elements from group VIB such as Cr, Mo and W have been shown to lead to an increase in the 
density of conduction electrons and a corresponding increase in the optical adsorption edge to 
higher photon energies in comparison to pure TiN.15-17 Conversely, ternaries of TiN with group 
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IIIA or IIIB elements have a decreasing electron density with increasing x, leading to a shift of the 
plasmonic response to deep red and infrared. This has been explored for Ti1-xAlxN18,19 and 
Ti1-xScxN20,21 alloys, but considerable challenges exist for both of these ternaries: The red shift in 
Ti1-xAlxN is limited by the solubility of AlN in the B1 phase such that the solid solution ternary is 
limited to x < 0.7.22,23 On the other hand, Ti1-xScxN alloys have practical challenges associated 
with the high cost and limited purity of the Sc source metal24 and a decreasing crystalline quality 
with increasing x due to an increasing lattice constant and associated misfit with MgO 
substrates.20,25,26 An alternative promising option is to alloy TiN with alkaline earth elements such 
as Mg. This has the potential to extend the opportunities for controlling the carrier density in rock-
salt structure transition metal nitrides, as simple electron counting suggests that a 50-50 Ti-to-
alkaline-earth ratio leads to a vanishing carrier density, while x < 0.5 and x > 0.5 correspondingly 
would result in n and p-type electron transport in Ti1-xMgxN, respectively.27,28  

The Ti1-xMgxN ternary alloy is relatively unexplored. A few investigations have studied its 
deposition on high speed steel, glass and Si substrates by reactive magnetron sputtering29-32 and 
by a hybrid reactive arc evaporation-magnetron sputtering approach.27,33 Incorporation of Mg 
significantly changes the properties of TiN. It causes a reported color change from golden to violet 
and metallic blue29 or to coppery, violet and grey,33 which can be attributed to the reduced free 
electron concentration which lowers the plasma frequency. Moreover, addition of magnesium into 
TiN leads to negligible changes in hardness for x < 0.430,32 but an increased wear resistance32 and 
oxidation resistance when the test temperature is below 650 °C,33 such that these alloys outperform 
the salt-spray-test corrosion resistance of other candidate systems including TiN, Ti(B,N), CrN, 
NbN, NbON, and related multilayer coatings.31 Ti1−xMgxN has a tunable infrared plasmonic 
activity27,34 and may therefore become useful as a plasmonic solar heat transducer.35 It is also 
promising as a bioimplant coating and has been shown to accelerate the formation of magnesium-
substituted hydroxyapatite on the coating surface.36 First-principles studies predict that B1 
Ti1−xMgxN with x ≤ 0.5 is thermodynamically stable with respect to all common phases of other 
binary nitrides37 and that an ordered TiMgN2 phase as well as a Ti0.5Mg0.5N solid solution are 
semiconductors with band gaps of 1.1 and 1.3 eV, respectively, as determined using hybrid 
functional calculations.37 A more recent study which uses the conventional generalized gradient 
approximation (GGA) reports a much smaller indirect gap of 0.27 eV for TiMgN2,38 which can be 
attributed to the typical underestimation of bandgaps by the GGA. In summary, the reported 
studies on Ti1−xMgxN suggest promising mechanical and corrosion-protective properties. In 
addition, they also indicate the potential  for Ti1−xMgxN as a plasmonic or semiconducting material 
which, however, requires the growth of Ti1−xMgxN with high crystalline quality in order to 
minimize electronic losses due to crystalline defects that deteriorate the plasmonic field 
enhancement34 and cause carrier scattering and mid-gap traps for the case of the predicted 
Ti0.5Mg0.5N semiconductor.37  A common approach to achieve high crystalline quality is epitaxial 
layer growth, which is the focus of this study.  

In this paper, we report on the growth and properties of epitaxial Ti1−xMgxN(001) layers 
deposited on MgO(001) by reactive co-sputtering. X-ray diffraction θ-2θ scans, ω rocking-curves 
and φ scans indicate that the layers are epitaxial and exhibit a single-phase solid-solution B1 rock-
salt structure without any detected secondary phases or misoriented grains for x = 0-0.55.  The 
electrical resistivity increases by approximately three orders of magnitudes with increasing x, and 
the temperature coefficient of resistivity transitions from positive for x ≤ 0.37 to negative for x ≥ 
0.49. The optical reflection edge and absorption minimum shift to lower photon energies with 
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increasing x, indicating a decreasing plasma frequency and optical band gap. These results suggest 
a decreasing carrier concentration and weak carrier localization with increasing x in Ti1−xMgxN 
alloys, consistent with previous theoretical predictions of semiconducting Ti0.5Mg0.5N.37  

 
II. Experimental Procedure 

Ti1−xMgxN layers were deposited by reactive magnetron co-sputtering in a load-locked 
ultra-high vacuum deposition system with a base pressure of 10-9 Torr.39 Single-side polished 
10×10×0.5 mm3 single-crystal magnesium oxide MgO(001) substrates were cleaned in sequential 
ultrasonic baths of tri-chloroethylene, acetone, and isopropyl alcohol, for 20 min each, rinsed in 
de-ionized water, blown dry with nitrogen, mounted onto a Mo substrate holder using silver paint, 
and inserted into the deposition system. Prior to deposition, substrates were degassed for 1 hour at 
1000 °C using a radiative pyrolytic graphite heater. Subsequently, the heater current was adjusted 
to reach the desired substrate temperature 600 °C, as measured by a thermocouple underneath the 
substrate holder that was cross-calibrated with a pyrometer focused on the substrate surface. 
99.999% pure N2, which was further purified with a MicroTorr purifier, was introduced into the 
chamber with a needle valve to reach a constant pressure of 15 mTorr, as measured with a 
capacitance manometer. 5-cm-diamter nominally 99.99% pure Ti and Mg targets were facing the 
substrate surface at a 45° angle and at a distance of 9 cm from the substrate which was continuously 
rotated at 60 rpm to ensure composition and thickness uniformity. Before deposition, the Ti and 
Mg targets were sputter etched for 5 min using 100 W on each magnetron with a shutter shielding 
the substrate. The two magnetrons were simultaneously operated with separate DC power supplies, 
keeping the power to the Ti target constant at 100 W for all layers while varying the power to the 
Mg target from 0 to 200 W to achieve samples with different Ti-to-Mg compositions. The potential 
of the Ti target (-545±15 V) was unaffected by the power to the Mg target, suggesting that the 
plasmas from the two deposition sources have a negligible interaction such that the Ti flux to the 
substrate is expected to be the same for all layers, corresponding to a constant TiN deposition rate 
of 1.8 nm/min. The deposition time is kept constant at 1 hour for all samples. Correspondingly, all 
layers are expected to have the same total amount of Ti but a varying Mg content which is reflected 
by a varying thickness. The layer thickness was measured by cross-sectional scanning electron 
microscopy (SEM) in a FEI Versa 3D field emission scanning electron microscope using a 10 keV 
primary electron beam. A quantitative analysis of the SEM intensity profile perpendicular to the 
substrate surface was done to determine the thickness from the micrographs, using the software 
ImageJ. Cross-sectional specimens were prepared by cleaving the samples along [010] of the 
MgO(001) substrate. 

X-ray diffraction (XRD) was done using a Panalytical X'pert PRO MPD system with a Cu 
Kα source. Sample alignment included height adjustment as well as correction of ω and χ tilt angles. 
Symmetric θ-2θ scans over a large 2θ range from 5-90° were acquired using a divergent beam 
Bragg-Brentano geometry and a PIXcel line detector. Scans near the strong substrate reflection 
were done using a parallel-beam configuration with an X-ray mirror and a point detector with a 
0.27° parallel plate collimator. Similarly, ω-rocking curve scans were collected with a parallel-
beam configuration, using a fixed 2θ value corresponding to the peak position of the Ti1−xMgxN 
002 reflection in the θ-2θ scans. φ-scans at constant ω and 2θ angles corresponding to cubic 022 
reflections, using a χ-offset of 45° were acquired using a poly-capillary lens on the incident beam 
side and a point detector on the diffracted beam side. X-ray reflectivity (XRR) analyses were done 
in the same system, using a parallel beam with a 0.0068˚ divergence from a two-crystal Ge(220) 
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two-bounce monochromator and a scintillator point detector. XRR data fitting was done using the 
recursive theory of Parratt which is based on the  Fresnel reflectivity formalism.40 For this purpose, 
the film mass density was adjusted to match the critical angle, while the layer thickness and the 
surface and interface roughness were three free fitting parameters. The roughness was assumed to 
follow a Gaussian distribution.  

X-ray photoelectron spectroscopy (XPS) spectra were acquired using Al Kα radiation 
(1486.7 eV) in a PHI 5000 VersaprobeTM system with a hemispherical analyzer and an 8-channel 
detector. All high-resolution spectra were collected using a 23.5 eV pass energy and a 0.2 eV step 
size. The binding energy (BE) was calibrated using a polycrystalline Au film before the 
measurements. Samples were sputter cleaned using 800 eV Ar+ ions incident 45° off the surface 
normal, using a 0.50 μA ion current for 15 min, corresponding to a total exposure of 4.5 C/cm2. 
The measured Mg-to-Ti ratio before and after sputter cleaning was identical within the 
experimental uncertainty of ± 1%, showing that preferential sputtering effects are negligible to 
determine the metal ratio. However, the N-to-metal ratio is more likely to be affected by both the 
initial surface contamination and the subsequent preferential sputtering during surface cleaning. 
For example, Ref. 41 suggests a 12 % reduction in the N-to-Ti ratio during sputter cleaning with 
3 keV Ar+ ions. Nevertheless, our measured N-to-Ti ratio for the pure TiN layer is 1.00±0.01, 
suggesting a stoichiometric compound, as expected for the high temperature and high N2 partial 
pressure used for TiN deposition.5,42,43  This agreement indicates a negligible effect of sputter 
cleaning on the measured composition, which may be attributed to the relatively low ion energy 
of 800 eV during sputter cleaning. A low-energy ion neutralizer with 7 eV Ar+ ions was employed 
during XPS measurements of Ti1−xMgxN layers with x ≥ 0.49 in order to compensate for possible 
surface charging of the relatively insulating samples with a high Mg content.  

The sheet resistance of each layer was recorded using a linear four point probe with 1-mm 
inter-probe spacings, a Keithley 2182A Nanovoltmeter, and a Keithley 6220 Precision Current 
Source providing 3 mA. Measurements were carried out in air at room temperature (295 K) and 
also with both sample and measurement tips immersed in liquid nitrogen at 77 K. The sheet 
resistance and the resistivity were determined from the measured resistance, accounting for the 
sample geometry according to Ref. 44 and using the layer thickness measured by XRR and SEM. 
Optical ultraviolet-to-visible (UV-Vis) spectra were collected in a Perkin-Elmer Lambda 950 
photospectrometer over the wavelength range 280-1000 nm in 1-nm-steps. Transmittance T was 
measured at normal incidence and reflectance R at a 45° incident angle. The reflectance spectra 
were calibrated using a Ag mirror with 97 ± 2% reflectivity at 45° over the entire measured 
wavelength range. Both collected T and R spectra were treated following a three-media model 
(air/film/substrate) which assumes the light passing from air to a thin film of constant thickness 
and parallel surfaces (top and bottom) to a semi-infinite substrate.39,45 The absorption within the 
MgO substrates was accounted for but results in a negligible correction in comparison to non-
absorbing media. Transmission spectra were also corrected for diffuse scattering from the 
unpolished back side of the substrate which causes a 54 ± 5% reduction in the measured T, as 
determined from transmission measurements of substrates without layer. In addition, some residual 
silver paint on the backside of the substrate may reduce the measured transmission by an estimated 
0-5%. The optical absorption coefficient α is obtained from the measured T and R using α = ln([1-
R]/T)/d,20 where d is the layer thickness measured by SEM. This approximate expression accounts 
for reflection at the layer surface but neglects multiple reflections within the layer. Thus, it is 
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accurate if the majority of the light is absorbed in the Ti1−xMgxN layer, which is satisfied in our 
study with transmittance maxima ranging from 2-12%.  
 
III. Results and Discussion 

Figure 1 is a plot of the layer thickness d vs power PMg applied to the Mg magnetron during 
Ti1-xMgxN(001) deposition. As described in the previous section, the deposition time as well as the 
power to the Ti magnetron are kept fixed, such that any change in thickness can be directly 
attributed to varying Mg incorporation. The thickness is measured using cross-sectional scanning 
electron microscopy and also by XRR for layers with d < 200 nm, as indicated by red triangles and 
semi-transparent blue circles, respectively. A typical high resolution XRR curve from a TiN(001) 
layer is shown as inset. The plot includes also the result from curve fitting (black line), which is 
offset by a factor of 2 for clarity purposes. The measured XRR data is well described by the fitted 
curve, including the interference fringe periodicity and the overall slope, yielding values for the 
thickness of 110±2 nm and a root-mean-square (rms) surface roughness of 3.0±0.5 nm. The top 
right inset is a typical cross-sectional SEM micrograph from the same TiN(001) layer used to 
determine the thickness d = 107±5 nm with contrast profile analysis. The MgO substrate appears 
bright and the deposited layer exhibits contrast variations which are attributed to the morphology 
of the cleaved surface, suggesting some degree of ductility. The micrograph also indicates a surface 
roughness with a mound-to-valley height of 11±2 nm, which corresponds to an approximate rms 
surface roughness of 11/(2 2 ) = 3.9±0.7 nm, in reasonable agreement with the 3.0±0.5 nm from 
the XRR analysis. The main plot in Fig. 1 shows that the thickness increases with increasing power 
to the Mg magnetron from d = 107 nm for TiN to d = 150, 275, 290, 325, and 550 for PMg = 10, 
20, 30, 40, and 50 W. The corresponding values from the XRR analysis are d = 110 and 154 nm 
for PMg = 0 and 10 W, which is in excellent agreement (2.7% and 2.6% deviation) with the SEM 
results. We note that XRR interference fringes cannot be resolved for d > 200 nm. The increasing 
thickness is attributed to an increasing amount of Mg incorporation in the Ti1−xMgxN layer, as 
quantified below.       

Figure 2 shows the results from the compositional analyses of the Ti1−xMgxNy layers. The 
plot in Fig. 2(a) indicates the nitrogen-to-metal ratio y as a function of the Mg magnetron power 
PMg, as measured by X-ray Photoelectron Spectroscopy (XPS). The TiN layer deposited with PMg 
= 0 is stoichiometric with y = 1.00±0.01. The nitrogen content decreases slightly with increasing 
PMg to 0.98 for PMg = 20 W and 0.92 for PMg = 40 W. However, increasing PMg to 50 W leads to 
a dramatic drop to y = 0.41. The decrease in nitrogen is attributed to the increasing Mg content, as 
discussed below. We note that all presented XPS measurements involve sputter cleaning to remove 
adsorbed contaminants as well as an oxide surface layer. This may cause a reduction in the 
measured y because of preferential sputtering of the lower mass nitrogen in comparison to the 
metal atoms. However, as discussed in Section II, the fact that our measured N-to-Ti ratio for the 
pure TiN layer is 1.00±0.01 indicates a negligible effect of sputter cleaning on the measured 
composition, which may be attributed to the relatively low ion energy of 800 eV during sputter 
cleaning. Conversely, we also note that the weaker Mg-N bonds at high Mg content may increase 
the possibility for preferential sputtering of N atoms, such that the initial decrease in y with 
increasing PMg could be attributed to a measurement artifact due to preferential sputtering prior to 
XPS analyses.  

Fig. 2(b) shows the Mg content as a function of PMg, where the Mg content is plotted as 
the fraction x of metal atoms that are Mg, while the remainder (1-x) are Ti atoms. The plotted data 
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is from the XPS analysis. In addition, the plot includes the values estimated based on the thickness 
measurements presented in Fig. 1. More specifically, the Mg content is calculated from the 
increase in the thickness beyond the thickness of the pure TiN layer, assuming that the total Ti 
content in the layers is independent of PMg since the power to the Ti target during deposition as 
well as the deposition time are kept fixed. The two datasets agree relatively well, indicating that x 
increases with PMg from zero for pure TiN to x = 0.37 (0.29), 0.49 (0.61),0.52 (0.63), 0.55 (0.67), 
and 0.85 (0.81) for PMg = 10, 20, 30, 40, and 50 W, where the values in parenthesis are those 
obtained from the thickness analysis, indicating deviations of Δx = 0.04 – 0.12 for the two 
independent measurements.  

The increase in x with increasing PMg is expected. However, the increase is not linear, 
similar to the non-linear d vs PMg plotted in Fig 1. More specifically, the data points of both d and 
x increase approximately linearly for PMg ≤ 20 W, but reach a plateau with a relatively small slope 
for PMg = 20 – 40 W, followed by a steep increase between PMg = 40 and 50 W. We attribute the 
initial linear increase to growth conditions where the Mg deposition rate is small enough that the 
Mg within the growing Ti1−xMgxN layer is below saturation such that the majority of the Mg atoms 
incorporate in the layer and contribute to the Mg content. However, for PMg > 20 W, an increasing 
fraction of Mg that impinges on the growing surface does not directly incorporate into the rock-
salt structure of the ternary nitride and forms weakly bonded adatoms and/or metallic Mg surface 
segregates. Considering the relatively high Mg vapor pressure of 0.99 Torr at the growth 
temperature of 600 ℃, this additional Mg evaporates from the surface and is lost to the growing 
layer, leading to a nearly constant Mg content for PMg = 20 – 40 W. However, a further increase 
of the Mg flux results in sufficient Mg surface coverage for nucleation of a Mg-rich and N-poor 
phase. A large fraction of the impinging Mg deposition flux can be incorporated in this new phase, 
suppressing Mg evaporation which leads to a considerable increase in the Mg content with x 
increasing from 0.55 to 0.85 for PMg = 40 and 50 W, respectively, and a corresponding increase in 
d from 325 to 550 nm. These arguments are based on two experimental results which were obtained 
during the optimization of Ti1-xMgxN growth conditions for this study, but are not the primary 
focus of this paper and, correspondingly, are just briefly mentioned here: (1) Deposition with PMg 
= 50 W but at a higher temperature of 850 °C results in x = 0.37, which is considerably smaller 
than x = 0.85 for growth at 600 °C, indicating that an elevated temperature leads to Mg loss through 
evaporation, as postulated above. (2) Gracing incidence X-ray diffraction analyses (not shown) 
from the sample with x = 0.85 reveal weak peaks from a Mg3N2 phase. These peaks are much more 
developed if PMg is increased from 50 to 200 W, providing evidence for the new developing phase 
at high Mg-flux conditions. For the remainder of this paper, the focus is on samples which exhibit 
a nearly stoichiometric metal-to-nitrogen ratio (i.e. y ≈ 1) and a cubic rock-salt crystal structure, 
that is, samples deposited with PMg = 0 – 40 W.  

We attribute the decrease in the N-concentration shown in Fig. 2(a) to the increase in the 
Mg concentration shown in Fig. 2(b). More specifically, first-principles simulations from Ref. 37 
indicate that the formation energy for nitrogen vacancies ΔENvac decreases with an increasing Mg 
concentration and becomes negative for Mg-rich (x > 0.5) compositions. This is consistent with 
the composition of the pure stable magnesium nitride Mg3N2 phase which corresponds to y = 0.67 
for x = 1. Correspondingly, Ti1−xMgxN layers are expected to have an increasing concentration of 
nitrogen vacancies with increasing x, leading to the decrease in y as presented in Fig. 2(a). We note 
that within the experimental uncertainty, the layers are stoichiometric (y = 1) for PMg ≤ 20 W but 
become understoichiometric for PMg ≥ 30 W. This critical power of 20-30 W matches the region 
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where x is close to 0.5, consistent with the predicted transition to a negative ΔENvac near x = 0.5.37 
These results are qualitatively consistent with a recent study on polycrystalline Ti1-xMgxN layers 
which suggests approximately stoichiometric (y = 1.02-1.07) layers for x ≤ 0.4 but an 
understoichiometric nitrogen concentration with y = 0.68 for x = 0.6.32  

Figure 3(a) shows sections of X-ray diffraction θ-2θ patterns from Ti1-xMgxN layers 
deposited with PMg = 0-40 W corresponding to x = 0-0.55. For clarity purposes, the scans are offset 
vertically and the intensity for 2θ < 42.7° is multiplied by factors of 102 for pure TiN and 103 for 
ternary alloys, as labeled. For all samples with PMg ≤ 40 W, the only detected peaks within the 
entire measured 2θ range of 5 - 90° are within the plotted 2θ = 42° - 43.26°. The double peak 
feature at 42.91° and 43.02° is attributed to the substrate MgO 002 reflections of the Cu Kα1 and 
Kα2 lines, while the less intense peaks at smaller angles are the 002 reflections from the Ti1−xMgxN 
layers. The peak from the TiN film is at 2θ = 42.53°, indicating a lattice constant a = 4.251 Å 
which is determined using a weighted average wavelength for the Cu Kα1 and Kα2 lines of 1.5419 
Å. This TiN lattice constant is within the range of previously reported values of 4.233-4.277 Å for 
epitaxial TiN/MgO(001) layers,5,20,25,42,46-48 with the majority of values within a narrower range of 
4.240-4.249 Å. We attribute the relatively large 1% variation of reported values to different levels 
of stress which is affected by growth temperature and layer thickness, and note that our reported 
lattice constant is an out-of-plane value, which may also be affected by residual stress, while our 
experimental uncertainty in the lattice constant is primarily due to the convolution of the Cu Kα1 
and Kα2 radiations and is estimated to be ±0.08%. The alloy film with x = 0.37 deposited with PMg 
= 10 W yields a peak at 2θ = 42.44°. This peak is approximately an order of magnitude less intense 
than the TiN peak and is shifted to the left, indicating a lower crystalline quality and a larger lattice 
constant of 4.260 Å. Increasing PMg to 20, 30, and 40 W continues this trend, with relatively broad 
peaks at 2θ = 42.24°, 42.18° and 42.15° that correspond to a = 4.279, 4.285, and 4.288 Å for x = 
0.49, 0.52, and 0.55, respectively. The diffraction pattern of the sample deposited with PMg = 50 
W is not included in Fig. 3, because no 002 peak could be detected for this layer while, in contrast, 
other weak features at 2θ = 31.08°, 36.03°, and 70.62° suggest the formation of a Mg3N2 or related 
phase, indicating a reduced crystalline quality and phase separation. The decreasing intensity of 
the Ti1−xMgxN 002 peaks with increasing x is consistent with the increasing rocking curve width 
presented in the following.  

Figure 3(b) shows a typical XRD ω rocking curve for the 002 reflection from the 
Ti0.51Mg0.49N layer, which is obtained using a constant 2θ =42.24°. Its full-width at half-maximum 
(FWHM) is 0.73°, indicating strong crystalline alignment of the (001) planes with the substrate 
surface. The rocking curve width increases with the addition of Mg content, from 0.27° for pure 
TiN to 0.60°, 0.73°, 0.79°, and 0.80° for PMg = 10, 20, 30, and 40 W. This indicates a decreasing 
crystalline quality which is attributed to lattice distorting strain fields. We expect strain variations 
to increase with an increasing Mg content since rock-salt structure MgN is not a 
thermodynamically stable phase such that an increasing x is expected to cause compositional 
variations and/or the nucleation of alternative phases. The decreasing crystalline quality is also 
consistent with the increasing θ-2θ peak width shown in Fig. 3(a).  

Figure 3(c) shows a typical XRD φ-scan of the asymmetric 220 reflections from a 
Ti0.51Mg0.49N layer. It is acquired using a 45° offset in χ and fixed 2θ = 61.87° and ω = 30.94° 
values to detect 022 reflections of the Ti0.51Mg0.49N layer by recording the reflected intensity as a 
function of the azimuthal angle φ. Here, the measured 2θ = 61.87° is slightly larger than 2θ = 61.27° 
expected from the measured lattice constant using the symmetric θ-2θ scan, which we attribute to 
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sample height variations during XRD measurements with χ tilt. The plot shows four peaks at φ 
= -90°, 0°, +90°, and 180°, which are labeled as 022 , 202 , 022 , and 202 . This indicates that the 
layer has a single in-plane orientation. The peaks occur at the same φ values as for scans (not 
shown) for which ω and 2θ are adjusted to detect the substrate MgO 022 reflections, which have 
102 times higher intensities than the 022 reflections from the thin film. This indicates, in 
combination with the results shown in Fig. 3(a) and (b), that the Ti0.51Mg0.49N layer exhibits a 
cube-on-cube epitaxial relationship with the substrate: (001)TiMgN ||(001)MgO  and  [100]TiMgN 

||[100]MgO. Similar XRD φ-scans were obtained for all Ti1−xMgxN layers deposited with PMg ≤ 40 
W, confirming that all layers in this study with x ≤ 0.55 are epitaxial single crystals. 

Figure 4 is a plot of the lattice constant a of Ti1−xMgxN(001) layers as a function of the Mg 
content x, as determined from the measured XRD 2θ peak positions shown in Fig. 3(a). The lattice 
constant increases from 4.251 Å for TiN to 4.288 Å for Ti0.45Mg0.55N. This increase is expected 
from reported density functional calculation results which predict a lattice constant of rock-salt 
structure MgN (4.44 Å) that is 4% larger than that for TiN.49 The absolute values of the plotted 
lattice constants agree well (±0.2%) with experimental data from Fenker et al.30 but are slightly 
(0.1-0.8%) smaller than the reported values from first-principles calculations37 and also 0.2-0.7% 
smaller than recent results from Balzer et al.32 We attribute the deviation from the reported 
computational values primarily to the generalized gradient approximation which tends to 
overestimate lattice constants, while deviations from other experimental studies may be attributed 
to residual strain. We note that the plotted data points suggest a positive curvature, corresponding 
to a negative deviation from Vegard’s law, in agreement with previous reports on 
Ti1−xMgxN.29,30,33,36,37 This can be attributed to structural relaxation associated with the different 
radii of the Ti and Mg atoms as well as the different charge transfer that induce bond strength 
variations.50 The bowing is quantified by fitting the measured lattice constants with the 
conventional bowing expression a = (1-x)aTiN + xaMgN – bx(1-x), yielding the dashed curve in Fig. 
4, a bowing parameter b = 0.259 Å, and lattice constants for the binaries of aTiN = 4.251 Å and 
aMgN = 4.439 Å, which suggest a 4.4% larger lattice constant for rocksalt-structure MgN than TiN, 
in good agreement with theoretical predictions.37,49 However, we note that our quantitative bowing 
analysis and particularly the suggested existence of a lattice constant minimum is rather 
speculative, considering the limited number of data points with no sample for 0 < x < 0.37.  

Figure 5 is a plot of the electrical resistivity ρ vs Mg concentration x in Ti1−xMgxN layers 
measured at both room temperature (295 K) and in liquid nitrogen at 77 K. The resistivity of the 
TiN(001) layer (x = 0) is 14.5 and 4.53 μΩ·cm at T = 295 and 77 K, respectively. This is in 
agreement with previously published values for epitaxial TiN(001) which range from 13-18 
μΩ·cm20,42,48,51-53 at room temperature and 3.0-6.9 μΩ·cm at 77 K.46,52,53 The resistivity of the 
Ti0.63Mg0.37N layer is 554 and 547 μΩ·cm at T = 295 and 77 K, respectively. This is more than an 
order of magnitude larger than for TiN, which is primarily attributed to alloy scattering. The ρ of 
this layer is nearly identical for T = 77 and 295 K, indicating a small to negligible temperature 
dependence of ρ which suggests that alloy scattering dominates over phonon scattering in the 
Ti0.63Mg0.37N layer. Increasing the Mg concentration to x = 0.49, 0.52, and 0.55 leads to a further 
resistivity increase by approximately an order of magnitude to ρ295K = 3.20×103, 9.41×103, and 
8.17×103 μΩ·cm and ρ77K = 3.64×103, 14.5×103, and 13.1×103 μΩ·cm, respectively. The steep 
increase in ρ with increasing x near 0.5 is attributed to a decreasing electron density of states (DOS) 
at the Fermi energy EF, as previously predicted from simulations.37 This is also expected from 
simple electron counting arguments: In TiN, the hybridized N2p-Ti3d valence bands are 
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completely filled, while there is one electron per Ti atom in the conduction d-bands. Mg has two 
valence electrons less than Ti. Thus, for each Ti atom that is substituted by a Mg atom, the number 
of electrons in the conduction band is reduced by two. Correspondingly, as x approaches 0.5, the 
number of electrons in the d-bands are expected to vanish, which means that EF is between the 
valence and conduction bands. Thus, the density of states at EF is zero and Ti0.5Mg0.5N is a 
semiconductor if the bands do not overlap. This is consistent with the reported decrease in the 
plasma frequency with increasing x in TixMg1-xN layers.54 A similar effect has also been reported 
for Ti1−xAlxN.55 We note that ρ at 77 K is larger than at 295 K for all samples with x ≥ 0.49. This 
negative TCR is attributed to a weak carrier localization caused by the perturbation in the periodic 
crystal potential associated with the random occupation of cation sites by Ti and Mg atoms. The 
carrier localization has a more pronounced effect at high Mg concentrations where the density of 
states at EF is small. Similar carrier localization has been reported for epitaxial layers of other 
transition metal nitrides including CrN(001),56,57 TaNx(001),58,59 HfNx(001),60 Sc1-xTixN(001)20 
and Ti1-xWxN(001).15  

Figure 6 shows results from optical measurements from three representative layers, namely 
TiN(001), Ti0.63Mg0.37N(001), and Ti0.48Mg0.52N(001). The transmittance T spectra are plotted in 
Fig. 6(a) vs the photon energy ℏω in the range ℏω = 1.25-4.30 eV. The transmittance for the 110-
nm-thick TiN layer is low (< 0.2%) for ℏω < 1.50 eV and ℏω > 4.02 eV, and exhibits a peak of 
2.4% at 2.71 eV. The spectra from the other samples are qualitatively similar. However, their peaks 
are shifted to lower photon energies and are more intense, with maxima of T = 3.7% at ℏω = 2.03 
eV for the Ti0.63Mg0.37N(001) layer and T = 11.6% at ℏω = 1.63 eV for the Ti0.48Mg0.52N(001) 
layer. We attribute the decreasing transmittance at low frequencies to reflection and absorption 
due to free carriers. This effect is strongest for TiN (x = 0), which has the highest charge carrier 
density of the three samples. In contrast, the carrier concentration decreases with increasing Mg 
content, leading to a higher T for x = 0.37 and 0.52. We note that the measured T increases with 
increasing Mg content despite that the layer thickness increases (as previously shown in Fig. 1). 
At high frequencies, transmittance decreases with increasing photon energy, which is attributed to 
absorption from interband transitions. For example, T for the TiN layer reaches 0.5% at ℏω = 3.6 
eV, which approximately matches the predicted direct interband transition energy of 3.5 eV in TiN 
near the Γ point,20 associated with parallel bands leading to a high joint density of states. The 
reduction in T to 0.5% is reached at ℏω = 2.9 and 2.5 eV for the x = 0.37 and 0.52 layers. This left 
shift can be attributed to (i) the decreasing Fermi level with increasing x and (ii) the emergence of 
a DOS peak associated with N2p orbitals which is 1-1.5 eV below the DOS minimum in Ti1-xMgxN 
alloys.37  

Fig. 6(b) is a plot of the reflectance R spectra from the same three Ti1−xMgxN layers. The 
spectrum from the pure TiN layer exhibits a typical metallic reflectivity, with high reflection at 
low photon energies, and a reflection edge at approximately ℏωe = 1.8 eV (where R = 50%) which 
is responsible for the golden yellow color of TiN. The reflectance reaches a minimum of 15% at 
ℏωmin = 2.7 eV,  which is in good agreement with previously reported optical properties of TiN, 
with minima of 12-17% at 2.7-2.9 eV.20,29,61-63 The reflection spectrum from the Ti0.63Mg0.37N 
layer is similar to that from pure TiN, however with the reflection minimum red-shifted by 0.8 eV 
to ℏωmin = 1.9 eV. This shift in the reflection edge associated with the incorporation of Mg explains 
the distinct color change with increasing x that has been reported for Ti1−xMgxN.27,29-31,33,36 The 
reflectance spectrum from the Ti0.48Mg0.52N layer shows oscillations for ℏω = 1.2-2.3 eV, 
indicating interference fringes which are consistent with the relatively high transmittance 



Accepted manuscript, published as:  
B. Wang, S. Kerdsongpanya, M.E. McGahay, E. Milosevic, P. Patsalas, D. Gall, J. Vac. Sci. Technol. A 36, xxx (2018). 

https://doi.org/10.1116/1.5049957  
 

10 
 

measured for this sample for ℏω < 2 eV. Correspondingly, no specific value for ℏωmin can be 
determined from our measurements. In fact, the absence of an increasing reflectance at low ℏω 
suggests that ℏωmin for x = 0.52 is in the infra-red outside of the measured frequency range, 
consistent with previous reports showing that the (Ti, Mg)N ternary alloy system is promising for 
plasmonic applications in the infrared range.34,54 We expect the reflectance edge ωe to be 
approximately proportional to the plasma frequency and therefore proportional to the square root 
of the carrier density N. Thus, ℏωe = 1.8 and 1.1 eV for TiN and Ti0.63Mg0.37N suggests a decrease 
in N by a factor of (1.8/1.1)2 = 2.7 as the Mg content increases from x = 0 to 0.37. Such a decrease 
is expected, since each substitution of a Ti by a Mg atom reduces N by two electrons which, for 
the case of x = 0.37, results in an estimated reduction in N by a factor of 1/(1-2x) = 3.8. This change 
is even larger than the factor 2.7 estimated from the optical reflection. The deviation may be 
attributed to charge carriers from nitrogen vacancies which have an increasing density with 
increasing x and may act as donors, but may also be associated with changes in the effective mass 
or the electronic polarization with changing composition x.   

Fig. 6(c) is a plot of the optical absorption coefficient α as a function of ℏω, as determined 
from the measured transmittance and reflectance spectra shown in Figs. 6(a) and (b). The 
absorption at low ℏω is highest for the TiN layer, and decreases with increasing Mg content. This 
is attributed to a decreasing absorption due to free carriers, consistent with the above arguments 
about the decreasing N with increasing x. In addition, pure TiN also exhibits a relatively high 
absorption coefficient (α ≃  105 cm-1) around 2 eV, which is attributed to direct conduction 
interband transitions associated with parallel conduction bands near high symmetry points in the 
Brillouin zone.20 We approximate the onset of valence-to-conduction interband transitions with 
the minimum in α, which occurs for TiN at 2.7 eV, in agreement with previously reported minima 
of 2.6-2.9 eV.20,64,65 The absorption minimum shifts to lower photon energies with the addition of 
Mg, more specifically, to 2.0 and 1.7 eV for Ti0.63Mg0.37N and Ti0.48Mg0.52N, respectively. These 
values are larger than the predicted band gap Eg = 1.1-1.3 eV for Ti0.5Mg0.5N.37 We attribute this 
primarily to the Burstein-Moss shift,66,67 which predicts an increase in the optical band gap with 
increasing N. That is, increasing x is expected to lead to a decreasing optical gap, exactly as 
observed. However, even our x = 0.52 layer has a non-negligible carrier density in the conduction 
band, which we attribute to a considerable nitrogen vacancy concentration, quantified by the 
measured N-to-metal ratio of y = 0.93. Correspondingly, we expect a considerable Burstein-Moss 
shift even for the Ti0.48Mg0.52N layer and interpret the minimum in α at 1.7 eV as an upper bound 
for the Ti0.5Mg0.5N band gap. Considering the approximately linear increase in the conduction band 
DOS,37 we estimate a maximum Burstein-Moss shift of 1 eV and conclude that our results suggest 
a band gap for Ti0.5Mg0.5N of 0.7-1.7 eV.  

 
IV. Conclusions 

The growth and properties of Ti1−xMgxN ternary alloy layers have been investigated. For 
this purpose, epitaxial layers were grown on MgO(001) by UHV reactive magnetron co-sputtering  
at 600 ℃. The thickness of the Ti1−xMgxN layers, as measured by XRR and SEM, increases with 
the power to the Mg target while keeping the power to the Ti target and the deposition time constant. 
This indicates an increasing Mg content, as also quantified by XPS. However, the increase in x is 
only linear at a small Mg deposition flux, followed by a plateau near x = 0.5 which is attributed to 
Mg evaporation from the growing layer surface. Nevertheless, at a sufficiently high Mg deposition 
flux, Mg-rich and N-poor phases nucleate which incorporate an increasing Mg content. X-ray 
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diffraction indicates a solid solution rock-salt phase for the composition range x = 0 - 0.55, a lattice 
constant that increases from TiN to Ti0.45Mg0.55N, and a decreasing crystalline quality with 
increasing Mg content.  XRD φ-scans show that all Ti1−xMgxN layers with x = 0 - 0.55 are single 
crystals with a cube-on-cube epitaxial relationship with the substrate: (001)TiMgN║(001)MgO and 
[100]TiMgN║[100]MgO. The relationship between the Mg concentration and the out-of-plane lattice 
parameters of Ti1−xMgxN layers shows a bowing effect, negatively deviating from Vegard’s law 
within the investigated composition range. The electrical resistivity of alloy layers increases with 
Mg content and shows a negative TCR for x ≥ 0.49, which is attributed to a decreasing electron 
DOS at the Fermi energy level and a weak carrier localization. Optical transmittance and 
reflectance spectra indicate the decreasing electron density with increasing Mg content, consistent 
with the resistivity measurements. The minimum in the absorption spectra occurs near 2.7 eV for 
TiN and shifts to 2.0 and 1.7 eV for Ti0.63Mg0.37N and Ti0.48Mg0.52N, respectively, suggesting an 
extrapolated band gap for Ti0.5Mg0.5N of 0.7-1.7 eV. 
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Figure 1: The thickness d of Ti1−xMgxN layers measured by scanning electron microscopy (SEM) 
and X-ray reflectivity (XRR) vs the power to the Mg target PMg during deposition. The insets show 
a typical XRR pattern including the simulated line from curve fitting (offset by a factor of two for 
clarity purposes) and a cross-sectional SEM micrograph from a TiN layer. 
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Figure 2: The (a) N-to-metal ratio y and (b) Mg content x in Ti1−xMgxNy layers vs the power PMg 
to the Mg target.  
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Figure 3: X-ray diffraction (a) θ-2θ scans, (b) ω rocking curve of the 002 reflection, and (c) φ-scan 
of 022 reflections from epitaxial Ti1−xMgxN(001) layers grown on MgO(001).  
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Figure 4: Lattice parameter a vs Mg concentration x in Ti1−xMgxN(001) layers. 
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Figure 5: The electrical resistivity ρ as a function of Mg concentration x in Ti1−xMgxN layers at 
both room temperature (295 K) and in liquid nitrogen (77 K).  
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Figure 6: Optical (a) transmittance T, (b) reflectance R and (c) absorption coefficient α vs photon 
energy ℏω for Ti1−xMgxN/MgO(001) layers.    
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