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A possible metal-insulator transition in the Cri.AlLN alloy system is explored using electronic
transport and optical measurements on epitaxial Cr;,ALN(001)/MgO(001) layers which form a cubic
solid-solution rock salt structure for 0 < x < 0.75. The optical band gap £, which is due to direct I'-point
transitions from the N-2p-like valence band top to the majority spin e, conduction band minimum
increases approximately linearly with Al-content: £, = 0.64 + 2.81x eV. The room temperature resistivity
increases by a factor of 400, from p = 0.070 to 26 Q-cm for x = 0 - 0.46, indicating an increasing carrier
localization due to a decreasing Cr-Cr nearest neighbor hybridization. However, p drops again to < 0.38
Q-cm for x > 0.62 which is attributed to mid-gap states that are also detected by optical absorption.
Cooling to 77 K causes an increase in p by approximately one order of magnitude for all alloys (x = 0 -
0.75), suggesting that the decreasing localization length is compensated by an increasing density of states
at the Fermi level. Oxygen exposure reduces the resistivity for x < 0.46 due to the formation of a
conductive surface oxynitride, suggesting n-type doping by oxygen. X-ray diffraction analyses including
reciprocal space maps indicate that the relaxed lattice constant decreases from a, = 0.4171 to 0.4089 nm
for x = 0.0 to 0.75, and that an increase to x = 0.85 leads to a breakdown of the cubic solid solution which
is attributed to the nucleation of wurtzite-structure nanocrystals, causing also a steep increase in E, and in
the low-temperature resistivity due to enhanced carrier localization. The sub-gap refractive index at iv =
0.5 eV decreases from 4.8 for CrN to 3.1 for Cro2sAlo7sN, due to the decreasing valence electron
concentration. The overall results demonstrate that the quasi-binary Cri..ALN system in the rock salt
structure retains the semiconducting properties of its parent binaries, cubic rock salt structure CrN and

AIN.



1. Introduction

Cri,ALN is a pseudo binary alloy which is based on cubic CrN'""* and is used as hard protective

1617 or thermoelectric'® applications. Its

coating material'*"® and also has potential for spintronic
equilibrium crystal structure is (cubic) rock salt for CrN-rich and (hexagonal) wurtzite for AIN-rich
compositions, with a predicted cubic-to-hexagonal transition at x = 0.772 based on a structure map and
two band parameters'® or x = 0.66-0.815 based on first-principles thermodynamic calculations.?>** These
predicted critical compositions are in agreement with thin film deposition experiments which find a
maximum AIN fraction in cubic rock salt Cr; ALN of x = 0.6 - 0.75."*° Cubic Cr;.,ALLN has a higher

hardness and resistance to wear, oxidation, and corrosion than the binary CrN, 226272933 anq s

particularly suitable for high temperature applications because it does not undergo high-temperature

26,34,35 34,36

spinodal decomposition, contrary to the related Ti;.-ALN alloy.

The electronic properties of Cr;_.Al,N have been primarily explored in its wurtzite structure,'®*>?’

which has less desirable mechanical properties®”® but has gained interest as a potential room-temperature
dilute ferromagnetic semiconductor.'®!” In contrast, relatively little is known about the electronic
properties of cubic rock salt Cri-ALN. The pure binary CrN at room temperature exhibits disordered

2,6,8-10

magnetic moments and a narrow 0.2 eV band gap>®®!""'> between the hybridized p-d valence and

d**+3113 or a charge transfer™ insulator

the d conduction bands, and is referred to as a Mott-Hubbar
depending on if the valence band top is considered to exhibit primarily d or p character, respectively.>*
681112 Alloying CrN with AIN leads to changes in the electronic structure which are not a priori evident.
The measured Seebeck coefficient transitions from negative for CrN(111) to positive for
Cro96Al04N(111), indicating a transition from n- to p-type charge carriers and suggesting that Al in CrN
acts as a p-type dopant.’’” This can be attributed to three vs six valence electrons in Al vs Cr but may also
be affected by the composition in the samples of this study which are N-rich.*” In contrast, other studies

139,40

on stoichiometric polycrystalline®® and epitaxia cubic rock salt Cr;ALN layers report a resistance

increase with the addition of Al and a negative temperature coefficient of resistivity for the



polycrystalline layers,*® suggesting that AIN acts as an alloying semiconductor rather than a dopant. With
that interpretation, rock salt Cri..ALN is a mixture of two semiconductors with indirect bandgaps E; = 0.2
eV>%512 for CrN and E, = 4.0-5.0 for AIN,*"*" where the latter values are theoretical predictions for AIN

in the (unstable) rock salt phase*” while AIN in the equilibrium wurtzite structure has an E, = 6.11 eV.?

In this paper, we report on the growth and electronic and optical properties of epitaxial cubic
Cri+AlN(001) layers deposited on MgO(001) by reactive co-sputtering. X-ray diffraction 6-26 scans,
rocking-curves and reciprocal space maps indicate that the layers are epitaxial and exhibit a single-phase
solid-solution rock salt structure without any detected secondary phases or misoriented grains for x <
0.75. The Cri.-ALLN(001) layers have a negative temperature coefficient of resistivity and an onset for
optical absorption that increases with x, indicating that the alloys are semiconductors with a band gap that
is controlled by the composition x, providing potential for band gap engineering in a cubic rock salt

structure nitride.

I1. Experimental Procedure

CriALN(001) layers were deposited in a three-chamber ultrahigh vacuum DC magnetron
sputtering system with a base pressure of 10® Torr and in situ transport measurement capabilities, as
described in Refs. 49 and 50. Prior to deposition, single-side polished 10x10x0.5 mm® MgO(001) wafers
were cleaned with successive rinses in ultrasonic baths of tri-chloroethylene, acetone, isopropyl alcohol,
and de-ionized water, inserted into the deposition system and thermally degassed in vacuum at 1000 °C
for one hour. Subsequently, the substrate temperature was lowered to the deposition temperature of 750
°C and a constant flux of 99.999% pure N, that was further purified with a MicroTorr purifier was leaked
into the chamber to reach a processing gas pressure of 3 mTorr. 5-cm-diameter 99.95% pure Cr and Al
targets at a distance of 10.5 cm from the substrate and at an angle of 45° were sputter cleaned with closed

shutters prior to deposition. Samples with different Al-to-Cr ratios were deposited by varying the DC



power Pcr = 64-350 W and Pa; = 150-500 W applied to the Cr and Al targets, respectively, yielding a
deposition rate of 14-26 nm/min, as determined from thickness measurements by x-ray reflectivity, onto
the substrate which was continuously rotated at 60 rpm to increase thickness and composition uniformity.
The deposition time was adjusted so that all films had a nominal thickness of 300 nm. A Sparc-le 20 pulse
module was used to reverse the voltage applied to the Al target every 50 us for 5 ps at 10% voltage
amplitude to neutralize possible target surface charging caused by the formation of an insulating AIN

surface layer.

After deposition, the samples were allowed to cool to room temperature (295+1 K), followed by
transport to an adjacent analysis chamber without breaking vacuum. Resistivity measurements were done
using an in situ linear four-point probe with spring-loaded tips with 1-mm inter-probe spacings, a
Keithley 2182A Nanovoltmeter and a Keithley 6220 Precision Current Source providing 1.00 pA.
Additional resistivity measurements were also taken after sample removal from the deposition system,
using an ex situ four-point probe in air at 295 K and with the sample and probes immersed in liquid

nitrogen at 77 K.

The composition of the Cri..ALN(001) layers was determined by Rutherford Backscattering
Spectroscopy (RBS) using 2 MeV “He" ions incident at an angle of 6° relative to the sample surface
normal and a total scattering angle of 166.2° between incident beam and detector. The acquired spectra
were analyzed using the SIMNRA software. The experimental uncertainty for the measured backscattered
intensities from the Cr and Al atoms is 2%, resulting in an uncertainty of the compositional parameter x of
+ 0.01. In contrast, the relatively weak scattering cross section of the light N atoms causes a larger

uncertainty in the measured N-to-metal ratio of 5%.

X-ray diffraction (XRD) 6-26 scans, w- rocking curves, and asymmetric high-resolution
reciprocal space maps (RSM) were obtained with a PANanalytical X Pert Pro diffractometer with a Cu

Ka source. Symmetric 6#-26 scans were collected over a 26 range of 20-90° using the Bragg-Brentano



geometry with a 0.5° divergent incident beam and a 0.04 rad Soller slit in front of a PixCEL solid-state
line detector operated in receiving mode with an active length of 0.165 mm. w-rocking curves were
obtained using a hybrid mirror with a two-bounce two-crystal Ge(220) monochromator and a solid-state
detector set at a constant 20 angle corresponding to the CriALN 002 reflection. The same
monochromator was employed for asymmetric high-resolution reciprocal space maps around the 113
reflections, using the line detector in scanning mode with all 255 channels open to allow for fast, high-
resolution mapping with a small angle (10-14°) between the sample surface and the diffracted beam to

cause beam narrowing which increases the 26 resolution.

Optical ultraviolet-to-visible-to-infrared (UV-Vis-IR) spectra were collected in a Perkin-Elmer
Lambda 950 photospectrometer over the wavelength range 176-3300 nm in 2-nm-steps. The
transmittance 7' was measured at normal incidence and reflectance R at a 6° angle relative to the surface
normal. The transmission spectra were corrected for diffuse scattering from the unpolished back side of
the substrate as determined from transmission measurements of the substrate without deposited layers.
The reflection spectra were calibrated using the measured R of a Ag mirror. The optical constants of the
MgO substrates were determined from 7" and R spectra from the uncoated substrate and were used for the
optical analysis. However, the absorption within the substrate was found to be negligible over the relevant

wavelength range.

The reflection spectra of all layers showed strong interference fringes due to reflections at the air-
film and the film-substrate interfaces. The position of these fringes at A; were used to determine the index
of refraction n(1) using 2d = (2i-1) A/(2n) for maxima and 2d = il/n for minima, where d is the film
thickness, i is the interference fringe number, and the phase shifts for reflection at the air-film and film-
substrate interfaces are m and 0, respectively. The uncertainty in the obtained values for n is estimated to
be +4%, accounting for both measurement and data analysis/fitting uncertainties. In contrast, the
uncertainties in the measured transmission and reflection intensities are 10% and 27%, respectively. The

latter uncertainty is relatively large due to the sensitivity of R to sample alignment and variations in the



beam position and direction caused by the monochromator. The optical absorption coefficient a is
determined from the measured 7 using a = In([(1-71)(1-72))/T)/d,>" where d = 300 nm is the film thickness,
r1 = (1 - nam)*/(1 + nam)* is the reflection from the film-air interface and 72 = (#fim - 7me0)™/(Mfim + MMgo)’
is the reflection from the film-substrate interface. This expression neglects multiple reflections and
associated interference effects, leading to a wavelength-independent absolute uncertainty in a of 1.2-
2.7x10* em™ which decreases with increasing x and corresponds to an average relative uncertainty that

decreases from 40% at small o = 5%x10* cm™ to ~10% for & =15x10* cm™.

II1. Results and Discussion
(A) Structural properties

Figure 1 is a plot of the measured Al content x in the Cr;.AlLN(001) layers as a function of the
power ratio Pai / Pcr applied to the Al and Cr targets during deposition. The data is obtained from the
RBS analyses and indicates a monotonously increasing Al content x = 0 — 0.85 with increasing Pa; / Pcr.
The plot also includes a curve which is obtained from data fitting using the expression x = (Pai/Pcr)/(
Pai/Pc: + C) which corresponds to the expected Al content under the assumption that the deposition rate
of both materials increases linearly with power. The constant C = 1.77 is determined from curve fitting
and corresponds to the power ratio at which x = 0.5. Thus, the deposition rate of Al is 1.77 times smaller
than that of Cr for the same applied power. We attribute this to the combination of (i) a lower sputter rate
of the insulating nitrided Al target surface in comparison to the more conductive nitrided Cr target surface
and (ii) a 10% reduction in the effective Al deposition rate due to the pulsed-DC power applied to the Al
target. The lower Al deposition rate is also in qualitative agreement with reports of a CrN deposition rate
that is 2.66°% or 3.27°° times higher than that of AIN during pulsed closed-field unbalanced magnetron

sputtering. The measured data is overall well described by the fitted curve but deviates slightly below and



above the curve at low and high Pai / Pcr, respectively. This is exactly as expected, because deposition

rates at low magnetron power tend to be below the linear trend that is assumed for the plotted curve.

The RBS analysis also provides values for the metal-to-nitrogen ratio in the layers, which was
found to be 1.00 + 0.05 for all samples, indicating a stoichiometric composition of the pseudobinary
nitrides and justifying the use of “Cri..AlLN” for our layers throughout this paper. We note that this
stoichiometric N-to-metal ratio is consistent with previous reports of epitaxial growth of CrN(001)
deposited under comparable conditions but that sub-stoichiometric (nitrogen-deficient) layers are

expected for deposition above 700 °C."#345

Figure 2 shows sections of x-ray diffraction §-26 patterns from Cr;..ALN layers with x =0 — 0.75.
The measured intensities are plotted on a logarithmic scale and patterns from the different samples are
shifted by an order of magnitude for clarity purposes. For all samples, the only peaks that could be
detected in the measured 26 range from 20-90° are within the plotted 26 = 42-45° range, indicating an 001
orientation for all layers. The double peak feature at 42.91° and 43.02° is evident in all patterns and is
from the substrate MgO 002 reflections of the Cukq and Cukq x-rays with wavelengths of 0.15406 and
0.15444 nm, respectively. The pattern from the pure CrN layer (x = 0) exhibits in addition a similar but
140 times less intense double peak at 26 = 43.19° and 43.30° which is from the CrN 002 reflections and
indicates a CrN lattice constant in the growth direction a; = 0.4186 nm. This value is slightly higher than
the reported range of 0.4133-0.4185 nm for the bulk lattice constant of CrN,"**¢ indicating compressive
strain in our layer as quantified below and attributed to differential thermal contraction during cooling
from the 750 °C growth temperature, similar to what has previously been reported for epitaxial CrN(001)
grown on MgO(001)."* The alloy film with x = 0.11 yields peaks at 260 = 43.28° and 43.49°. These peaks
are associated with the 002 reflection from the CrogoAlo11N layer and have a similar intensity as for the
pure CrN layer, but are shifted to the right which corresponds to a reduction in the lattice constant to a, =
0.4178 nm. The corresponding peaks for the x = 0.39 pattern are at 26 = 43.64° and 43.74°, yielding a, =

0.4145 nm. These peaks are broader and 3 times less intense than for the pure CrN layer, indicating a



reduced crystalline quality. This trend is continued as x is increased further to 0.46, 0.62, and 0.75, with
peak intensities that are 3, 16, and 28 times lower than for x = 0. The alloy peaks also continue to shift to
higher angles of 26 = 43.97, 44.17, and 44.38°, yielding a, = 0.4118, 0.4101, and 0. 4083 nm for x =
0.46, 0.62, and 0.75. These lattice constant values are determined using a weighted average x-ray
wavelength of 0.15418 nm, since the double peak feature from Kq; and Kq, lines cannot be resolved for x
> 0.46. The shoulders to the left and right of the substrate peaks are detected for all samples and are an
experimental artifact due to the 0.5° incident beam divergence and the resulting electric noise in the line
detector near the intense substrate reflections. A -26 scan from a layer with x = 0.85 (not shown) exhibits
no detectable peaks from the alloy film, indicating a continued decrease in crystalline quality and
suggesting a transition to a nano-crystalline wurtzite structure, consistent with the reported limit for the Al

content of x = 0.6 — 0.75 in the rock salt phase Cr;.,ALLN solid solution.'*->*%3-%

Figure 2(b) shows a typical XRD w-rocking curve for the 002 reflection from the CrogoAlp 11N
layer, obtained using a constant 26 = 43.28°. It has a full-width at half-maximum of 0.24°, indicating
strong crystalline alignment of the (001) planes with the substrate surface. With the addition of Al, the
width of the rocking curve increases from 0.27° for pure CrN to 0.49°, 0.43°, and 0.69° for x = 0.39, 0.46,
and 0.62, respectively, indicating good crystalline alignment for all layers with x < 0.62 but a decreasing
crystalline quality with increasing x. This is consistent with the decreasing peak intensity shown in Fig.
2(a) and is similar to what has been reported in previous compositional studies on polycrystalline
CriALN layers.?*® The rocking curve measurement on the Cro2sAl7sN layer did not yield a detectable
peak, which is attributed to the lower-intensity parallel beam configuration in combination with a low
crystalline quality and local strain variations associated with this composition being near the experimental

rock salt-to-wurtzite stability limit of x = 0.6 — 0.75.'%%%

Figure 2(c) shows a representative high-resolution XRD reciprocal space map acquired about the
asymmetric 113 reflection from a Crys0Alp.11N(001)/MgO(001) layer. The color filled isointensity contour

map with a logarithmic scale is plotted in k-space, where &, = 2sinfcos(w-8)/A and kj = 2sinfsin(w-6)/1



correspond to directions perpendicular and parallel to the substrate surface along the perpendicular [001]
and [110] directions, respectively. The strong peak due to the MgO 113 reflection has an intensity of 548
counts-s” and a full-width at half-maximum of Ak;= 0.007 nm™ and Ak = 0.002 nm™. The 113 peak
from the layer is 97 times less intense and its widths Ak,= 0.019 nm™ and Akj= 0.028 nm™ are 3 and 14
times larger, respectively. They are in good agreement with the widths Ak;=I'»9 cosé/A = 0.022 nm™ and
Ak= 2T, sind/A = 0.020 nm™" from the peak widths I';pand I, from the symmetric 6-260 and 002 rocking
curve scans in Figs. 2(a) and 2(b), respectively. The CrosoAlp.11N 113 peak is shifted by 0.046 and 0.056
nm’ from the substrate peak in the parallel and perpendicular directions, respectively, providing values
for the in-plane @) = 0.4154+0.0001 and out-of-plane a, = 0.4179+0.0001 lattice constants. The smaller q
value indicates compressive stress, as also evident from the peak position which is below the dotted line
in Fig. 2(c) that corresponds to the w-26 direction and defines the peak positions for fully relaxed layers.
We use the a; and @ values in combination with an approximate value for the Poisson's ratio v = 0.29,

to determine the relaxed lattice constant a, = 0.4168+0.0001 nm.

Fig. 3 is a plot of the in-plane g, out-of-plane a., and relaxed a, lattice constants as a function of
composition x in Cr;,ALN(001) layers, as determined from reciprocal space maps. In addition, the plot
also includes the a, values determined from the 6-26 scans plotted in Fig. 2(a). The two data sets for out-
of-plane lattice constants match well, with a maximum deviation of 0.26%. Films with x = 0 and 0.11
exhibit a small compressive strain g = -0.26% and -0.33%, respectively, which we attribute to differential
thermal contraction during cooling from the deposition temperature of 750 °C to room temperature. We
use the reported thermal expansion coefficients for CrN and MgO of 6x10° K™ (Ref. 58) and 1.3x107° K!
(Ref. 59) to estimate the maximum in-plane compressive strain g = -0.5% due to thermal contraction.
This strain is larger than for the x = 0 and 0.11 samples, indicating that a fraction of the thermal strain is
relaxed, resulting in the residual measured strains of -0.26% and -0.33%. In contrast, all layers with x >
0.39 have gj and a. values that are identical within experimental uncertainty, indicating complete strain

relaxation which may be attributed to a larger misfit dislocation density which facilitate relaxation



through threading dislocation glide during cooling. The relaxed lattice constant decreases with increasing
x from g, = 0.4171 nm for pure CrN to a, = 0.4089 nm for Cro»5Alo7sN. Linear extrapolation yields a, =
0.407 nm for AIN in the rock salt structure, in agreement with the reported values of @ = 4.05 A from
high pressure synthesis® and 4.07 A from first principles calculations.”®®' The decreasing lattice constant
with increasing Al content is also in agreement with previously reported trends for the CriAlLN alloy

system. 19,25,28,29,38

(B) Electronic and optical properties

Figure 4 is a plot of the electrical resistivity versus Al content x in Cri..ALN(001) layers
measured both in situ and ex situ at room temperature (295 K) as well as ex situ in liquid nitrogen at 77 K.
The room temperature resistivity of the CrN(001) layer measured in situ and ex situ is 0.070 and 0.062 Q-
cm, respectively, which is within the previously reported range of 8.2x107 - 1.7x10™" Q c¢m for epitaxial
CrN films,'#7813:5436.6263 The 11% decrease in the CrN(001) resistivity upon air exposure corresponds to
an increase in the measured sheet conductance AG, = 0.60 x10™ [Q/a]™! and is attributed to the formation
of a conductive oxynitride layer at the film surface, as has been previously reported based on controlled
oxygen exposure studies that found a surface oxynitride layer with a G5 = 5.9 x10”° [Q/0]".** The CrN
resistivity at 77 K is 0.55 Q-cm, which is within the previously reported range of 1x10? - 5 Q ¢cm'13-3%62
and is 9 times larger than the room temperature value, indicating a negative TCR which is consistent with
previous studies on CrN'7383462 and is attributed to electron transport by variable range hopping.'** We
note that carrier localization in CrN'” is attributed to the Mott-Hubbard interaction which splits the filled
and empty dp, bands below the valence band maximum and above the conduction band minimum,
respectively, resulting in a p-to-d charge transfer band gap.” In contrast, localization in other transition
metal nitrides has been attributed to (1) complete charge depletion in the d-bands causing a gap between
hybridized p and d bands like for ScN,* Sc;,ALN,* and Ti;.,.Mg.N,%” and (2) weak Anderson localization
due to random arrangement of nitrogen vacancies in TaN,,*** NbN,,” and HfN,,”" or random cation site

occupation in Sc;,Ti,N"* and Ti;W.N.”* The data in Fig. 4 shows that the in situ measured resistivity of

10



Cri<ALLN(001) layers increases by over two orders of magnitude to p = 0.36, 4.8 and 25 Q-cm with
increasing x = 0.11, 0.39, and 0.46, respectively, indicating an increasing carrier localization with
increasing Al content and a correspondingly lower hopping conduction. This is consistent with first-
principles calculations that indicate a weakening of the Cr-Cr next-nearest neighbor hybridization and
therefore a localization of the anti-bonding Cr3d states.”* Air exposure causes a resistivity reduction in
these alloy layers, like for the pure CrN layer, indicating conductive surface oxynitrides with G5 = 3.7x10
3,9.8x107°, and 1.6x10° [Q/a]" for x = 0.11, 0.39, and 0.46. This data suggests that the surface oxides
become less conductive with increasing Al content, which is attributed to a reduced surface oxidation of
Al-containing layers and/or an increasing band gap with an associated reduced ability for oxygen to act as

donor.

A further increase in the Al concentration to x = 0.62 and 0.75 leads to a drop in the in situ room
temperature resistivity to 0.38 and 0.62 Q cm, respectively, but p increases again to 3.93 Q cm for x =
0.85. We attribute the low resistivity for x = 0.62 and 0.75 to an increasing density of interband states that
form a conductive band, as discussed below. The in situ and ex situ values for these two layers are
identical within the experimental uncertainty of 5%, and indicate that a possible conductive surface
oxynitride would have a Gs < 1.3x10° [Q/0]"". This value is 19% below that for x = 0.46, thus, continuing
the trend of a decreasing conductance of the surface oxide with increasing Al content. Lastly, the high p
for Crois5AlossN is attributed to the transition to a nanocrystalline wurtzite structure which exhibits
stronger carrier localization. This is also evident from the high p at 77 K, which was too high to be
measured with our experimental setup and is therefore estimated to be > 10° Q cm. In contrast, all other
layers exhibit a resistivity at 77 K that is approximately an order of magnitude above the room
temperature value. This is in agreement with previous studies on binary CrN' and indicates a Mott
temperature Ty ~ 10° K that is independent of x < 0.75, suggesting that the decreasing localization length

is compensated by an increasing density of states at the Fermi level E;. The reason for the latter is not

11



evident, but may be due to £, approaching the valence band top as the energy of filled d-states increases,

caused by a decrease in the Cr-Cr nearest neighbor hybridization with increasing x.”*

Figure 5(a) shows typical transmittance 7 and reflectance R spectra from a CrossAlo4sN layer
plotted versus photon energy hv = 0.37-4.5 eV. Interference fringes are evident in both spectra. They are
due to reflections from the air-film and film-substrate interfaces as the minima in R align with the maxima
in T and vice versa. In addition, 7 decreases with increasing Av, indicating an onset of strong absorption
which also leads to the damping of the interference fringes with increasing /v. The positions of the
interference fringe maxima and minima in the reflection spectra are used to determine the index of
refraction 7 in the transparent frequency range, as described in more detail in Section II. The resulting »
vs photon energy is plotted in Fig. 5(b) for multiple Cr.,ALN(001) layers with x = 0-0.85, as labeled.
Each data point corresponds to a specific fringe maximum or minimum and the lines are obtained by data
fitting using a Lorentz oscillator such that the complex dielectric function e(w) = &1 + ig2 = (€0 — &) Wo" /

> where &, and &, are the static and high-frequency dielectric constants, w, the

(0= o= iyw) = n?)
resonance frequency, and y the damping term. The refractive index from the pure CrN layer (x = 0) shows
an increase from n = 4.8-5.5 for Av = 0.38-1.16 eV which is attributed to the onset interband transitions.
These values are in reasonable agreement with the previously reported n = 5.2 for CrN for Av = 0.2-1.0
eV, followed by an increase to a maximum of n = 5.7 at hv = 1.48.% The refractive index decreases with
increasing Al content. For example for 4v = 0.5 eV, n decreases to 4.4, 4.1, 3.6, 3.1, 3.1, and 3.0, for x =
0.11, 0.39, 0.46, 0.62, 0.75, and 0.85. In addition, the dispersion dn/dv decreases with increasing x while
the onset for the steep increase in # shifts to larger photon energies. The decreasing refractive index with

increasing x is consistent with a predicted n = 2 for rock salt AIN over a large photon energy range hv =

0-5eV.*

Figure 5(c) is a plot of the optical absorption coefficient o versus photon energy /v for the same
CriALN layers with x = 0-0.85. It is determined from the measured optical spectra as described in

Section II. The absorption coefficient of the pure CrN layer increases steeply from 4.2x10* cm™ at hv =

12



0.50 eV to 1.5x10° cm™ at v = 1.00 eV. This increase is attributed to electron transitions from the N 2p-
like valence band to the majority e, band.>® The Cr;..AlN alloys show similar absorption curves, with the
steep absorption increase moving to higher photon energies as the Al content is increased. As a
consequence, the photon energy where & = 1.5x10° cm™ increases to 1.11, 1.68, 2.05, 2.26, 2.86, and 3.98
eV for x=0.11, 0.39, 0.46, 0.62, 0.75, and 0.85. This indicates a continuously increasing optical band gap
with increasing x, as discussed below. In addition, layers with x = 0.62, 0.75, and 0.85 show considerable
absorption a = (5-10)x10* cm™ at hv = 1-2 eV, that is, at photon energies below the strong onset. As a
result, the absorption coefficient at #v = 1 eV initially decreases continuously from 1.5x10° cm™ for CrN
to o = 12x10% 4.0x10, and 3.0x10* cm™ with increasing x = 0.11, 0.39, and 0.46, but then increases to
6.8x10%, 5.2x10% and 5.2x10* cm™ for x = 0.62, 0.75, and 0.85. This suggests a non-negligible density of
states within the band gap for layers with x > 0.62. These states are expected to form a conductive band
and are likely causing the reduced resistivity for x > 0.62 presented in Fig. 4. We note that the oscillations
which are most prominent for the x = 0.39 and 0.46 curves around 0.9 eV are a residual effect from
interference fringes while the discontinuity in the plotted curves at Av = 1.44 eV is an experimental

artifact due to a detector change.

Figure 6 is a plot of the optical band gap E, of Cri.Al:N as a function of x, determined from the
measured absorption coefficient using Tauc plots for direct band gaps.”® The inset shows a typical Tauc
plot for the Cros4Alo46N layer, where the plotted (ahv)? vs hv curve exhibits a strong positive curvature at
photon energies near the band gap and a linear region which allows extrapolation to the x-axis and
determination of £, = 1.97 eV as indicated by the black dashed line. We assume parabolic bands for this
analysis, based on the reported parabolic bands near the direct gap transitions in the calculated band
structures for both rock salt CrN*!" and rock salt AIN.*'"#446 Similar Tauc plot analyses are done for all
samples, as shown in the supplemental material to this article,”’ yielding the E, values plotted in the main

figure. The optical gap for CrN (x = 0) is 0.81 eV, which is slightly larger than the previously published
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0.70 eV.*" This value corresponds to the gap at the I point between the N-2p-like valence band and the

majority spin e, conduction band.>® However, CrN also has a smaller indirect gap of 0.2 eV.>%!

The plotted optical band gap increases continuously with increasing x, following approximately a
linear trend for x < 0.75. This is indicated by the plotted line through the data points which is the result
from curve fitting and corresponds to E,(x) = 0.64 + 2.81x. Extrapolating this expression to x = 1 suggests
an optical band gap for cubic rock salt AIN of 3.45 eV. This is smaller than what has been previously
predicted for the direct gap in cubic rock salt AIN of E, = 5.0-6.9.'* Similar to CrN, rock salt structure
AIN is predicted to have a slightly smaller indirect gap of E, = 4.0-5.0.**" Therefore, Cr;,ALN alloys in
the rock salt structure are expected to have an indirect gap that is smaller than the direct transition
detected by our optical measurements and plotted in Fig. 6. However, we note that the symmetry breaking
due to the random occupation of cation sites by Cr and Al atoms may make all interband transitions
optically active, such that the plotted gap energies may be more reflective of the fundamental indirect gap
in Cr;-ALN alloys than the larger direct transition. This may also explain the relatively small extrapolated

E, for cubic rock salt AIN.

The measured E; for the Cro.15AlossN layer is 3.86 eV, which is well above the linear trend for x <
0.75. We attribute the steep slope between x = 0.75 and 0.85 to a transition to a nanocrystalline
microstructure, as discussed above. More specifically, this layer has likely atomic bonding that resembles
AIN in the wurtzite structure, resulting in a correspondingly increased band gap, since the gap of AIN in

the wurtzite structure of 6.11 eV* is 22-53 % above the gap for cubic rock salt AIN.*"*

IV. Conclusions

300-nm thick Cri,ALN(001) films were grown on MgO(001) substrates by UHV reactive
magnetron co-sputtering at 750 °C. Increasing the Al-to-Cr target power ratio from Pai/Pc = 0 to 7.9
results in films with Al content x = 0-0.85 and a constant cation-to-anion ratio of 1.00+0.05, as confirmed
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by RBS. X-ray diffraction indicates a rock salt solid solution for x < 0.75 with in-plane and out-of-plane
lattice constants decreasing from a, = 0.4186 nm and ¢ = 0.4160 nm for pure CrN to a, = ¢; = 0.4083 nm
for Cro25Alo.7sN. The room temperature resistivity increases with Al content from 0.070 Q-cm for x = 0 to
26 Q-cm for x = 0.46 which may be attributed to an increasing carrier localization associated with a
decreasing Cr-Cr nearest neighbor hybridization. However, p decreases again to < 0.38 Q-cm as x is
increased further to > 0.62. This is attributed to conduction by states in the band gap which also lead to
considerable sub-gap absorption observed for samples with x > 0.62. The resistivity increases upon
cooling to 77 K by approximately one order of magnitude for all layers with x < 0.75, suggesting that the
decreasing localization length is compensated by an increasing density of states at the Fermi level. Optical
transmission and reflection measurements are used to determine the optical band gap, which increases
from E, = 0.81 eV for x = 0 to £, = 2.85 eV for x = 0.75. The refractive index below the gap (at ~v = 0.5
eV) continuously decreases with increasing x from n = 4.8 for CrN to n = 3.1 for Cro15AlossN. This work
demonstrates that Cr;..AliN alloys in the rock salt phase retain the semiconducting properties of the cubic
parent nitrides CrN and AIN in the rock salt structure, indicating the potential use for opto-electronic,

magneto-electric, or thermoelectric applications.
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Figure captions

Figure 1: Al content x in Cri.,ALN layers versus the ratio of power Pai / Pc: applied to the Al and Cr

targets during deposition.

Figure 2: X-ray diffraction (a) §-20 scans from epitaxial Cr;AlLN(001) layers grown on MgO(001) with
x = 0-0.75 and (b) w-rocking curve of the 002 reflection and (c) reciprocal space map of the 113

reflections from a Cro oAl 11N(001) layer.

Figure 3: Out-of-plane a., in-plane g, and relaxed a, lattice constants obtained from RSMs (red down
triangles, blue squares, magenta circles) and a, obtained from 6-26 scans (red up triangles) vs Al content

x in Cr;ALN(001) layers grown on MgO(001).

Figure 4: Electrical resistivity p vs x of Cr;.Al.N(001)/MgO(001) layers, measured in situ and ex situ at

room temperature (295 K), and in liquid nitrogen at 77 K.

Figure 5: (a) Representative optical transmittance 7" and reflectance R spectra from a Cro.s54Alo.4sN(001)
layer, (b) index of refraction n and (c) absorption coefficient a vs photon energy 4v for Cri..Al\N with x =

0-0.85.

Figure 6: Optical band gap E, vs x in Cri..AliN alloys, determined using Tauc plots as illustrated in the

inset for x = 0.46.
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Figure 1: Al content x in Cri.,ALN layers versus the ratio of power Pai / Pc: applied to the Al and Cr

targets during deposition.
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Figure 2: X-ray diffraction (a) #-20 scans from epitaxial Cr;..ALN(001) layers grown on MgO(001) with
x = 0-0.75 and (b) w-rocking curve of the 002 reflection and (c) reciprocal space map of the 113

reflections from a Crg30Alp11N(001) layer.
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Figure 3: Out-of-plane a., in-plane ¢, and relaxed a, lattice constants obtained from RSMs (red down
triangles, blue squares, magenta circles) and a. obtained from 6-26 scans (red up triangles) vs Al content

x in Cri..ALLN(001) layers grown on MgO(001).
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Figure 4: Electrical resistivity p vs x of Cri.xALLN(001)/MgO(001) layers, measured in situ and ex situ at

room temperature (295 K), and in liquid nitrogen at 77 K.
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Figure 5: (a) Representative optical transmittance 7" and reflectance R spectra from a Cros54Alo.4sN(001)
layer, (b) index of refraction n and (c) absorption coefficient a vs photon energy Av for Cri.ALN with x =

0-0.85.
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Figure 6: Optical band gap E; vs x in Cri..ALN alloys, determined using Tauc plots as illustrated in the
inset for x = 0.46.
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