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Metal-insulator transitions in epitaxial rocksalt-structure Cr;_,/;N;_,0,(001)
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Substitutional replacement of N with O in epitaxial CrN(001) layers is achieved by reactive sputter deposition
in a mixed N, and Ar + O, atmosphere. O incorporation facilitates Cr vacancies, yielding a rocksalt-structure
solid solution Cr_,,»N;_O, with a single compositional parameter x and a measured lattice constant that de-
creases from a = 0.4175 to0 0.4116 nm for x = 0 to 0.59. First-principles calculations predict da/dx = +0.0200,
—0.0018, and —0.0087 nm for CrN,_,Oy, Cr,_,3N;_,Oy, and Cr,_,»N;_,O,, respectively, and confirm, in
combination with ion-beam compositional analyses and x-ray diffraction results, a vacancy concentration
of x/2 per cation site. The room-temperature resistivity decreases by over two orders of magnitudes from
p=15x1073to 7.7 x 107° Qm for x = 0-0.26. This is accompanied by a transition from a negative to a
positive temperature coefficient of resistivity, an increase in the Hall mobility from py = 0.37 to 1.7 cm?/Vs,
an increase in the carrier concentration n = 1.1 x 10% to 4.9 x 10* cm™, and a decrease in the calculated
band gap from 0.54 to 0 eV. However, p increases again to 6.9 x 107> Qm for x = 0.34 and to > 10Qm
for x > 0.59, with a corresponding drop in uy and the opening of a gap. The maximum in the measured
carrier density and conductivity at x = 0.26 is attributed to a maximum in the density of states near the Fermi
level, in perfect agreement with calculations using supercells with randomly distributed O substitutions and
Cr vacancies that predict a maximum at x = 0.25 £ 0.05. The measurements indicate insulator-to-metal and
subsequent metal-to-insulator transitions at x = 0.04 = 0.03 and 0.30 & 0.03, respectively. The transition to
metallic conduction is attributed to substitutional O on anion sites acting as donors, while the measured n
for x = 0.01-0.26 quantitatively indicates charge compensation by cation vacancies that act as acceptors. The

insulating properties at large x are likely caused by increased electron correlation effects.

DOLI: 10.1103/PhysRevB.102.235102

I. INTRODUCTION

Chromium nitride has gained considerable interest be-
cause of its magnetic ordering and possible band gap [1-4]
that make it a promising material for dilute magnetic semi-
conductors, especially when combined with other nitride
semiconductors [5-7]. Additionally, it is widely used as an
oxidation- and wear-resistant layer in protective [8—10] and
self-lubricious [11-13] hard coatings. CrN also shows promis-
ing thermoelectric properties [14—-16], which are enhanced
through doping with Sc [16,17], A1 [18], and V [19]. Alloying
CrN with CrO to form CrN;_,O, has gained some interest due
to its high oxidation resistance [20-22] and as a hard coating
material [23,24] that combines the hardness of Cr,O; with
the toughness of CrN. Oxygen in rocksalt-structure CrN;_, O,
has a maximum solubility of x = 0.46-0.70 [20,24,25], while
higher oxygen content yields corundum Cr,O3 [20,25-28].
Rocksalt CrO is not stable due to electron occupation of anti-
bonding orbitals [26] but may be stabilized through vacancies
[29,30]. It has been deposited on MgO(001) as an epitaxial
layer through pulsed laser deposition [31]. However, most
reports on CrO thin films are on layers that are just a few
monolayers thick [29,32-34], as a larger thickness facilitates
transformation to Cr,Os3, the most stable chromium oxide
[26].
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Our recent work on the controlled oxygen exposure of
CrN(001) surfaces demonstrates the formation of a conductive
n-type surface oxide [35], suggesting that O may be used
to form metallic Cr-N-O. These results are consistent with
reports which indicate that small concentrations of oxygen
impurities in CrN may increase its conductivity [36,37], while
larger concentrations lead to insulating films with resistivities
that are several orders of magnitude above those of stoichio-
metric CrN films [26,28,37,38], and also exhibit an increasing
optical band gap [27,39].

In this paper we report on the growth and electronic
properties of epitaxial cubic Cri_,»N;_,0,(001) layers
deposited on MgO(001) by reactive sputtering using N
and a 90% Ar-10% O, gas mixture. X-ray diffraction
0-260 scans and w rocking curves indicate that the lay-
ers are epitaxial and exhibit a single-phase solid-solution
rocksalt structure without any detected secondary phases
or misoriented grains for x < 0.59. Temperature-dependent
electronic transport measurements show a drop in the room-
temperature resistivity with increasing x that is attributed
to an insulator-to-metal transition between x = 0.01 and
0.08. This trend is reversed between x = 0.26 and 0.34,
indicating a second transition back to insulating com-
pounds for x > 0.34. Hall measurements confirm these results
which demonstrate that oxygen in CrN causes both n-type
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doping and carrier localization at low and high concentrations,
respectively.

II. PROCEDURE

Cri_x/2N;_,O,(001) layers were deposited in a three-
chamber ultrahigh vacuum DC magnetron sputtering system
with a base pressure of 10~ Torr. Single-side polished 10 x
10 x 0.5mm?® MgO(001) wafers were cleaned with succes-
sive rinses in ultrasonic baths of trichloroethylene, acetone,
isopropyl alcohol, and deionized water, inserted into the de-
position system and thermally degassed in vacuum at 1000 °C
for 1 h. Subsequently, the substrate temperature was lowered
to the deposition temperature of 750°C. A 5-cm-diameter
99.95% pure Cr target at a distance of 10.5 cm from the
substrate and at an angle of 45° was sputter cleaned with
closed shutters prior to deposition. A constant flux of 99.999%
pure N, that was further purified with a MicroTorr purifier was
leaked into the chamber to reach a pressure of 10 mTorr. To
achieve different compositions, a 90% Ar - 10% O, mixture
was additionally leaked into the chamber with a partial pres-
sure par+o2 ranging from 0 to 3 mTorr, yielding an oxygen
partial pressure po, = 0-0.3 mTorr and a total processing gas
pressure of 10—-13 mTorr. A constant power of 350 W was
applied to the magnetron for 45 min, yielding a growth rate
of 15-27 nm/min and a resulting layer thickness of 680—
1200 nm, as measured by cross-sectional scanning electron
microscopy (SEM) in a FEI Versa 3D field-emission scanning
electron microscope using a 20-keV primary electron beam.
The thickness from the micrographs was determined by con-
trast analysis using the software IMAGEIJ.

The composition of the Crj_,/»N;_,0,(001) layers was de-
termined by Rutherford (elastic) backscattering spectroscopy
(RBS/EBS) using 2 and 3.05 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 detec-
tor. The latter energy is high enough such that Rutherford’s
approximation of a point charge is no longer correct, and
there is a resonance in the O scattering cross section which
increases the measurement’s sensitivity for O. The acquired
spectra were analyzed using the SIMNRA software.

X-ray diffraction (XRD) 6-20 scans and w rocking curves
were obtained with a PANanalytical X’Pert Pro diffractometer
with a Cu K« source. Symmetric 8-20 scans were collected
over a 260 range of 20°-90° using a parallel-beam config-
uration with an x-ray mirror and a PixCEL solid-state line
detector operated in receiving mode with an active length of
0.165 mm. w rocking curves were obtained using the same
source and the solid-state detector set at a constant 26 angle
corresponding to the Cri_,/,N;_,O, 002 reflection, similar to
what we have reported in Ref. [40].

Electron transport measurements were performed in vac-
uum in a Cryomagnetics, Inc., “He cryostat with a variable
temperature 7 = 5-295K and a superconducting magnet
with a maximum 4.45-T field. 0.5-mm-wide Au-Pd con-
tacts were sputter deposited in a van der Pauw arrangement
at the corners of 5 x Smm? samples. Electric contacts
were completed by attaching copper wires to each of the
sputter-deposited contacts using indium droplets. Continu-
ous resistivity measurements were performed during sample

warmup with 0.5 K/min from 5 to 295 K. A Keithley 2400
source meter was used as both a voltmeter and a current
source, with the current adjusted depending on the sample re-
sistance to I = 0.001, 1, or 10 mA. Hall effect measurements
at 295 K were performed in the same equipment. The Hall
resistance was determined from a linear fit of the measured
Hall voltage as a function of the current of —40 to +40 A
in the superconducting coil, yielding a continuously varying
magnetic field from —4.14 to 4.14 T.

First-principles calculations were performed using the
Vienna ab initio simulation package (VASP), employing pe-
riodic boundary conditions, a plane-wave basis set, the
Perdew-Burke-Ernzerhof generalized gradient approximation
exchange correlation functional [41], and the projector-
augmented wave method [42]. A 550-eV cut-off energy for
the plane-wave basis set and a 6 x 6 x 6 I'-centered k-point
grid for 64-atom supercells yield energy convergence of <
1 meV/atom. Cr 3s, 3p, 3d, and 4s electrons are explicitly
calculated using the Cr_sv pseudopotential provided with
the VASP package. All calculations are done using a Hub-
bard Coulomb term U = 3 eV, which has previously been
successfully applied [2,3] to describe the low-temperature
antiferromagnetic CrN ground state that exhibits a 1.7° dis-
tortion from cubic symmetry [43]. Here we choose the same
lowest-energy antiferromagnetic ordering with pairs of ferro-
magnetic Cr planes that are stacked along the [110] direction,
which is typically referred to as AFM [011],, but keep
the structure cubic, consistent with the experimental room-
temperature observation. More specifically, rocksalt-structure
supercells with 64 atomic sites are formed by randomly pop-
ulating anion sites with N and O atoms to achieve a desired
composition x. In addition, cation vacancies are introduced
by removing Cr atoms at random sites but with the constraint
to keep the overall magnetization minimal (i.e., antiferromag-
netic) by removing the same number (or +1) of Cr atoms
with up and down magnetic moments. Each such supercell
is relaxed by iteratively relaxing the atomic positions and
relaxing the lattice constant a by adjusting the length of the
three unit-cell vectors while keeping their lengths equal to
each other and the angles between them at 90°. The simulated
compositions include ng = 0, 6, 12, or 18 oxygen atoms and
ny = 0, no/3, or no/2 Cr vacancies, yielding the compounds
CrN,_,O,, Cr]_x/3N|_xOx, and Cr]_x/le_xOx, with x =0,
0.1875, 0.375, and 0.5625. For each combination of ng and
ny, three supercells with different atomic arrangements are
individually relaxed, corresponding to a total of 28 simula-
tions. The lattice constant is determined from the average of
the three supercells. This approach was chosen instead of the
Special Quasirandom Structures approach [44], because the
variation in a from the three simulations provides an indi-
cation of the uncertainty in the determined lattice constant
associated with the distribution of N and O atoms on anion
sites and Cr atoms or vacancies on cation sites. We note that
the random distribution of Cr vacancies also affects the ar-
rangement of local magnetic moments such that the sampling
from three independent simulations provides an indication of
possible effects of the magnetic exchange on the average bond
length. Such exchange striction effects have been reported to
be important for CrN [45]. The same calculations were also
used to determine the total density of states (DOS). However,
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FIG. 1. Layer composition measured by RBS/EBS and plotted
as atomic fractions of Cr, N, and O vs O, partial pressure po, during
layer deposition.

only supercells with an even number of Cr atoms were consid-
ered in order to minimize net magnetization. Correspondingly,
to achieve sufficient composition resolution, additional cal-
culations were performed for Cri_,/,N;_,O, with x = 0.125,
0.25, and 0.5 and for CrN;_,O, with x = 0.03125 and 0.0625.

III. RESULTS AND DISCUSSION

Figure 1 is a plot of the measured atomic fractions of Cr,
N, and O in the deposited layers as a function of the O,
partial pressure poy, as determined from RBS/EBS analyses.
In the absence of oxygen (po, = 0), the measured Cr and N
content of 49 £ 3% and 51 £ 3% indicate stoichiometric
CrN. In contrast, increasing po to 0.3 mTorr leads to an
approximately linear increase in the oxygen content from 0 to
45 &+ 3% and a simultaneous decrease in both the N and the Cr
content. This results in a decreasing cation-to-anion ratio y =
[Cr]/(JO]+[N]), suggesting an increasing concentration of Cr
vacancies. The layer composition can in general be described
as CryN;_,O,. However, because of the approximately linear
composition relationships, we can plot the measured y vs x
(not shown) and use a linear function y = a—bx for data fitting
and find @ = 0.97 and b = 0.51. These values are close to 1.0
and 0.5 so that the cation-to-anion ratio can be approximated
as y = 1-x/2, and throughout this paper we refer to our layers
as Cri_y/sN;_O,. Thus our compositional analysis indicates
that the substitutional replacement of two N by two O atoms
results in the formation of one Cr vacancy. The presence of
cation vacancies has previously been reported for both rock-
salt CrO [25,29,32] and CrON [20,26] films and is attributed
to the destabilizing effects of a high valence electron concen-
tration [46,47], that is, cation vacancies reduce the occupation
of antibonding d orbitals and stabilize the rocksalt structure
[26], similar to what has been reported for other column-6
nitrides like MoN [48] and WN [49,50] as well as monoxides
including TiO and VO [51-53]. We note that the RBS/EBS
analyses also provide quantitative information on the area
atomic density which, together with thickness measurements
by SEM, shows that the occupation of anion sites by nitrogen
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FIG. 2. (a) X-ray diffraction 6-260 scans from epitaxial
Cri_2N;_;O,(001) layers grown on MgO(001) with
po2 = 0-0.3mTorr. (b) Lattice constant a vs x as measured
by XRD from Cr;_,;,;N;_,0,(001) layers (red squares) and
determined from first-principles calculations for CrN;_,O, (green
circles), Cri_3N;_O, (maroon triangles), and Cr_,,N;_,O;
(gray diamonds).

plus oxygen atoms is 1.00 & 0.02 for all samples, indicating a
negligible vacancy concentration on anion sites.

Figure 2(a) shows sections of x-ray diffraction 8-26 pat-
terns from seven Cr;_,»N;_,O, layers grown with different
poz = 0-0.3mTorr, as labeled. The measured intensities are
plotted on a logarithmic scale, and patterns from the differ-
ent samples are shifted by an order of magnitude for clarity
purposes. For all samples, the only peaks that can be de-
tected in the measured 26 range from 20° to 90° are within
the plotted 26 = 42°-45°, 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 Cug,; and Cug,, 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
7-times-less-intense double peak at 26 = 43.31° and 43.43°
which is from the CrN 002 reflections and indicates a CrN
lattice constant a = 0.4175 nm. This is in excellent agreement
with previously published values of 0.4176 and 0.4179 nm
from epitaxial CrN(001) deposited by reactive sputtering on
MgO(001) [1,54]. We note that all these values represent the
lattice constant in the growth direction and may therefore be
slightly larger than the true relaxed lattice constant because of
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a possible compressive strain caused by differential thermal
contraction during cooling from the deposition temperature
that can lead to an expanded out-of-plane lattice constant.
In fact, we have recently used x-ray diffraction reciprocal
space maps [55] to measure a —0.31% in-plane compressive
strain in a 300-nm-thick CrN(001) layer with an out-of-plane
a = 0.4186nm but a relaxed lattice constant of 0.4175 nm.
This latter value perfectly matches our current measured a,
suggesting that the CrN layer in this report has a negligible
strain which may be attributed to the more than two-times
larger thickness, facilitating relaxation through misfit disloca-
tions. The patterns in Fig. 2 show that increasing po, causes
the Cri_,/»N;_,O, 002 reflections to shift to larger 26 values,
corresponding to a decreasing lattice constant with increasing
oxygen content, as discussed below. In addition, peaks for
alloys with po, = 0.01-0.1 mTorr are 3-5 times less intense
than for pure CrN and 70 times smaller for po, = 0.2 mTorr,
indicating a decreasing crystalline quality. This suggests that
the oxygen substitution degrades the crystalline quality, as
also indicated by the rocking-curve results discussed below.
The decreasing crystalline quality is also reflected by the fact
that the double-peak feature can no longer be resolved for
the layer with x = 0.59 deposited with po, = 0.2 mTorr. The
0-26 scan for po; = 0.3 mTorr exhibits no detectable peaks
from the alloy film with x = 0.75 over the entire measured
26 = 20°-90° range, indicating a continued decrease in crys-
talline quality and suggesting a transition to an amorphous or
nanocrystalline corundum structure that cannot be detected by
our XRD measurements, consistent with the reported limit of
x = 0.46-0.75 for the rocksalt-phase CrN;_, O, solid solution
[20,24,25]. We note that the pattern for pgy; = 0.1 mTorr ex-
hibits a shoulder to the right of the layer peak with 260 = 43.9°
that also matches the peak position for pg, = 0.2 mTorr. We
do not interpret this as the emergence of an oxide phase at
large x, because (i) the peak position is inconsistent with both
possible Cr,O3 and CrO, phases, (ii) the rocking-curve width
remains narrow (<1°), as discussed below, and (iii) no other
reflections can be detected over the entire measured 26 range
from 20° to 90°. Correspondingly, we attribute the shoulder
and peak at po, = 0.1 and 0.2 mTorr to a rocksalt-structure
oxynitride with some possible ordering that may lead to a
slight suppression of the lattice constant.

XRD w rocking curves (shown in the Supplemental Mate-
rial [56]) from the 002 reflection of the Cri_,/,N;_,Oy layers
are obtained using a constant 26 value for each sample cor-
responding to its Koy peak position. The FWHM is 0.14° for
pure CrN, indicating strong crystalline alignment of the (001)
planes with the substrate surface. The width of the rocking
curve increases with the addition of O to 0.26°, 0.34°, 0.32°,
0.50°, and 0.89° for x = 0.02, 0.08, 0.26, 0.32, and 0.59,
respectively, indicating good alignment for all layers with
x < 0.59 but a decreasing crystalline quality with increasing
x. This confirms that the oxygen substitution degrades the
crystalline quality, consistent with the decreasing peak inten-
sity shown in Fig. 2. We note that the rocking curve of the
x = 0.59 layer indicates a slight 0.8° tilt of the lattice planes of
the layer with respect to the substrate orientation which may
be caused by a strain-relaxation mechanism or may suggest
a lattice distortion similar to what has been reported for the
low-temperature phase of CrN [43]. Such a 0.8° deviation

from the cubic 90° results in a 0.01% reduction of the unit-
cell volume, which is negligible and is not considered in the
following analysis.

Figure 2(b) is a plot of the lattice constant a as a function
of composition x, as determined from XRD measurements on
epitaxial Cri_.»N;_,O,(001) layers shown in Fig. 2(a). In
addition, the plot includes calculated lattice constants from
our first-principles simulations. The measured values plot-
ted as red squares decrease from 0.4175 nm for CrN to
0.4116 nm for Cry7;Ng410059. In contrast, the calculated
values for CrN;_,O, increase from 0.4184 nm for CrN to
0.4215, 0.4256, and 0.4302 nm for x = 0.1875, 0.375, and
0.5625. The plotted line is the result from linear curve fitting,
which is done by forcing the line to intercept the x = 0 data
point such that the only fitting parameter is the slope da/dx =
0.0200 nm and is determined from the three x > 0 data points,
including x = 0.5625, which is outside of the plotted a range.
The positive calculated slope indicates that substitutional re-
placement of N with O leads to an increasing lattice parameter.
As a consequence, we attribute the negative slope from the
experiment to the presence of Cr vacancies. This explanation
is quantitatively explored by calculating the lattice constants
of Cri_3N;_;O; and Cr;_,;N;_;O; compounds, as also
shown in Fig. 2(b). The plotted error bars correspond to the
standard deviation of lattice constants from multiple simu-
lations with different anion and cation site occupations, as
described in Sec. II. The error bars are relatively small in
comparison to the absolute changes in lattice parameters, sug-
gesting that effects from anion and cation site occupations,
including the related distribution of magnetic moments, are
negligible in comparison to compositional effects.

The calculated a for Cri_,3N;_,O, decreases very
slightly, with da/dx = —0.0018 nm. In contrast, the pre-
dicted slope for Cri_,»N;_,O; of da/dx = —0.0087nm
is much more substantial. This is attributed to the 50%
higher Cr vacancy concentration for Cri_,/»N;_,O, than for
Cri_x3N;_,O,. The experimental lattice constants are best
described by the Cri_,,»,N;_;O, line, confirming the com-
positional analyses by RBS/EBS. The negative slope is also
consistent with previous studies [20,25] and has been at-
tributed to the presence of Cr vacancies that stabilize the
effects of antibonding orbital occupation with increasing x
[20,26], similar to the reported increasing bond strength due
to cation vacancies in transition-metal monoxides [51-53].
The lattice constant of the last datapoint at x = 0.59 is even
slightly below the linear trend for Cr{_,/»N;_,Oy, suggesting
a possible bond-length reduction associated with an ordered
cubic oxynitride phase, as discussed above.

We note that assigning charges of —3, —2, and +3to N, O,
and Cr ions suggests that charge neutrality would be achieved
for a composition of Cri_,3N;_,O,, with an extrapolated
(x = 1) oxide of Cry0s3. In contrast, the experimental mea-
sured composition of Cri_/»N;_,O, with an extrapolated Cr
O, suggests a charge of 44 for the Cr ions in the oxide. Con-
versely, charge neutrality in the Cri_,/»N;_,O, compound is
achieved if Cr retains the nominal +3 charge and vacant cation
sites have a 41 charge. In that case, the Cr vacancies have a
—2 charge relative to the 43 charge of the cations. However,
the transport results presented in the following do not confirm
charge neutrality but instead indicate n-type charge carriers,
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FIG. 3. (a) Electrical resistivity p vs temperature 7" and (b) room-
temperature carrier concentration n (purple) and Hall mobility uy
(pink) vs x of epitaxial Cr;_,,»N;_,0,(001)/MgO(001) layers.

suggesting partial charge compensation and an approximate
—1 charge (instead of the —2 required for charge neutrality)
for the Cr vacancies. That is, Cr vacancies act as acceptors
and O substitutions as donors, which results in a net n-type
semiconductor as there are twice as many O atoms than Cr
vacancies in Cri_,»Ni_,O,.

Figure 3(a) is a plot of the measured resistivity p ver-
sus temperature T for Crj_,,N;_;Oy films with x = 0-0.34.
The CrN (x = 0) layer has a room-temperature p = 1.5 x
1073 @ m, which is within the previously reported range 8.2 x
1075-1.7 x 103 Q m for epitaxial CrN films [1,2,5,54,57—
60]. The resistivity increases with decreasing 7' by over two
orders of magnitude to 0.37 2 m at 5 K. This negative tem-
perature coefficient of resistivity (TCR) is consistent with
previous studies on CrN [1,5,54,57,61] and is attributed to
electron transport by variable range hopping [1,59]. We note
that our CrN does not exhibit a discontinuity at the 280-K
phase transition temperature, which we attribute to epitaxial
constraints as we have previously reported [57]. The layer

with x = 0.01 has a resistivity of 1.0 and 6.9 x 1073 Qm
at 295 and 5 K, respectively. These values are 1.5 and 54
times smaller than for CrN, indicating an increase in the
conductivity and a reduction in the negative TCR with the
addition of oxygen. This trend is continued with increasing
x. More specifically, x = 0.08 and 0.26 results in metallic
conduction with a positive TCR and a room-temperature p =
1.4 x 1075 and 7.7 x 107° Qm that is two and three orders
of magnitude below that of CrN. The resistivity increases
linearly with T > 90 K, with a measured TCR of 1.7 x 1073
and 7.7 x 1072 Q@m K~! for x = 0.08 and 0.26, respectively,
as determined from the slope of a linear fit between 100 and
295 K.

Increasing the O content further to x = 0.34 leads to an
increase in the resistivity by over an order of magnitude, to
6.9 x 107°Qm at 295 K and 1.1 x 107*Qm at 5 K. Thus
this sample exhibits a negative TCR, indicating a transition
back towards insulating compositions. The resistivity of sam-
ples with x = 0.59 and 0.75 are too high to be measured with
our experimental setup. Thus they are much more resistive,
with an estimated lower bound for the resistivity: p > 10 2 m
for x > 0.59.

Figure 3(b) is a plot of the carrier concentration n and
Hall mobility uy vs x, as determined from Hall effect mea-
surements which indicate a linear dependency of the Hall
voltage with applied magnetic field. The carrier concentra-
tion increases by nearly two orders of magnitude from 1.1 x
109 cm=3 for x =0 to 1.7 x 102, 1.8 x 10%!, and 4.9 x
10*! em ™3 for x = 0.01, 0.08, and 0.26, respectively, followed
by a slight decrease to 4.0 x 10! cm™3 for x = 0.34. The
large plotted uncertainty for the last (x = 0.34) sample is
due to unreliable electric contacts to this oxygen-rich sample,
which resulted in a large thermal drift in the measured Hall
voltage and also missing data points between 70 and 125 K
in Fig. 3(a). The Hall mobility is 0.37 and 0.35cm?/Vs for
x = 0 and 0.01, increases to uy = 2.4 cmz/Vs for x = 0.08,
but then decreases again to uy = 1.7 and 0.28 cm?/Vs for
x = 0.26 and 0.34.

The relatively low uy = 0.37 cm?/Vs for pure CrN is in
reasonable agreement with previously reported [1] values of
0.16 and 0.19cm?/Vs and is attributed to carrier localiza-
tion [1,57] caused by the Mott-Hubbard interaction, which
splits the filled and empty di>; bands below the valence band
maximum and above the conduction band minimum, respec-
tively, resulting in a p-to-d charge transfer band gap [2]. We
note that the cause for carrier localization here is distinctly
different from what has been reported for other transition-
metal nitrides where localization has been attributed to (1)
complete charge depletion in the d bands causing a gap be-
tween hybridized p and d bands like for ScN [62], Sc;_ Al N
[63], and Ti;_ Mg, N [64], and (2) weak Anderson local-
ization due to random arrangement of nitrogen vacancies in
TaN, [65,66], NbN, [67], and HfN, [68], or random cation
site occupation in Sci_,Ti,N [69] and Ti;_,W,N [70]. Our
Cri_y/2N;_,0,(001) layer with x = 0.01 has a comparable
room-temperature carrier concentration and mobility as the
pure CrN layer, but the resistivity at 5 K is nearly two orders
of magnitude lower, suggesting a decrease in localization.
Increasing the O concentration further to reach x = 0.08
and 0.26 results in a dramatic increase in both n and uy,

235102-5



MCGAHAY, KHARE, AND GALL

PHYSICAL REVIEW B 102, 235102 (2020)

suggesting a transition to metallic conduction in a highly
degenerate semiconductor, as also evidenced by the positive
TCR for x = 0.08 and 0.26. This is consistent with previous
studies reporting increasing conduction with the substitutional
replacement of N with O in CrN [36,37]. Simple electron
counting suggests that substitutional O on an anion site in
CrN provides an extra electron and therefore is expected to
act as an n-type dopant. However, our samples also contain an
increasing number of Cr vacancies with increasing x. Cr va-
cancies have been reported to cause p-type conduction in CrN
[18] and are therefore expected to counteract the n-type dop-
ing by O. For example, the x = 0.01 sample contains 5.5 x
10 cm™3 O atoms and 2.8 x 10?° cm™3 Cr vacancies which
are expected to act as donors and acceptors, respectively. The
difference of 2.7 x 10** cm~3 between the donor and accep-
tor density corresponds to the expected carrier concentration,
which is in reasonable agreement with the measured n =
1.7 x 10*° cm?. Similarly, x = 0.08 and 0.26 yield expected
carrier concentrations of 2.2 x 102! and 7.2 x 10?' em ™3, in
good agreement with the measured n = 1.8 x 10?! and 4.9 x
10?! cm~3. Thus the measured 7 in our samples with low O
content (x = 0.01-0.26) is well explained by substitutional
oxygen and Cr vacancies acting as compensating donors and
acceptors, respectively. However, increasing x further to 0.34
results in a reduction in both n and uy, as well as an in-
crease in p and a transition to a negative TCR, indicating a
metal-insulator transition. This is consistent with a reported
increase in resistivity with increasing O content [26,28,37,38]
and is attributed to the increasing localization from O 2p
orbitals and potential fluctuations due to the random anion
site occupation resulting in increasing electron correlation.
Samples with x > 0.34 become increasingly more resistive
with increasing x. We note that this cannot be explained by
simple extrapolation of our chemical formula Cri_,/,N;_,O,
to x = 1, which yields CrO; that is half-metallic with a rel-
atively low room-temperature resistivity of 2.5 x 107°Qm
[71]. In contrast, our XRD analyses for x = 0.59 indicate a
single-phase epitaxial layer with a rocksalt-derived structure
with some possible ordering on cation or anion sites, as dis-
cussed above. Thus the data indicates a transition to insulating
properties without a structural phase transition with increasing
x < 0.59. Nevertheless, increasing the oxygen content further
to x = 0.75 results in a structure without a detectable XRD
peak, suggesting an amorphous or nanocrystalline corundum-
like structure, consistent with previous studies on CrN;_, O,
films that report a transition to a Cr,Oj3 structure at large x
[20,21,26-28].

Figure 4 shows the results from our density-of-states
calculations which provide further quantitative insight into
the insulator-to-metal-to-insulator transitions. The DOS in
Fig. 4(a) for pure CrN shows a double-peak feature associ-
ated with the hybridized N2p-Cr3d,,, valence band between
E =—8.0 and —0.5 eV and a band gap of 0.54 eV. The
Fermi level Ey = 0¢€V is set to the bottom of the conduction
band, and the y axis is the total DOS of the 64-atom unit
cell including both spins, such that the integral of the plotted
DOS for E < Ey is 32 x (6 + 3) = 288, corresponding to
32 N and 32 Cr atoms with six and three valence electrons,
respectively. The plotted DOS as well as the band-gap value
are in good agreement with previous studies [2], but we note
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FIG. 4. Calculated density of states DOS vs energy E for (a)
CiN, (b)—~(d) Cri_/2N;_,O; with x = 0.125, 0.25, and 0.5, respec-
tively, and (e) the DOS near the Fermi level E; (£ 0.3 eV) vs x in
CrN,_,Oy, Cri_/3N;_,Oy, and Cr,_,»N,_,O,. The three colors in
(b)—(d) are from three separate calculations with different random
cation and anion site occupations.

that particularly the band gap is a strong function of the cho-
sen U = 3eV and is also a function of the simulated phase,
which is here the cubic AFM [011], structure as discussed
in Sec. II. Figures 4(b)-4(d) show the calculated DOS for
Cri_,»2N;_,O, with x = 0.125, 0.25, and 0.5, respectively.
The three differently colored symbols in each plot are from
three simulated unit cells with different random placement
of oxygen atoms on anion sites and Cr vacancies on cation
sites, as described in Sec. II. Thus the three colors provide a
quantitative measure of the variation in the DOS associated
with the random site occupation. The DOS for x = 0.125 in
Fig. 4(b) exhibits a double-peak feature from the conduction
band and a drop to zero near Ey, similar to the DOS for CrN.
However, the band gap is smaller, 0.16, 0.19, and 0.28 eV
for the three configurations, yielding an average E, = 0.21 &
0.05eV. Increasing the oxygen content to x = 0.25 results
in states near £y such that the DOS remains finite for all
three simulated supercells, as shown in Fig. 4(c), yielding a
zero gap E, = 0eV. However, increasing the oxygen content
further to x = 0.5 opens again a gap of E, = 0.39 - 0.06eV.
In summary, the plotted DOS in Figs. 4(a)—4(d) show that
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the calculated band gap of Cri_,,»N;_,O, decreases with
increasing x < 0.25 but increases again for x > 0.25, in direct
agreement with the measured insulator-to-metal and subse-
quent metal-to-insulator transitions.

Figure 4(e) is a plot of the DOS near E; vs x in CrN;_,O,,
Cri—x/3N1_Oy, and Cr{_,/oN;_,O,. The values are obtained
by averaging over the calculated DOS at £ = Ef £0.3¢eV,
where the £0.3-eV interval was chosen sufficiently large to
average over the strong DOS oscillations shown in Figs. 4(a)—
4(d), which are characteristic of specific cation and anion site
occupations. The plotted error bars in Fig. 4(e) correspond
to the standard deviation from three different configurations,
as shown as three colors in, e.g., Fig. 4(b). No error bar
is given for x = 0, 0.03125, and 0.0625, because only one
configuration was calculated for zero, one, or two oxygen
atoms per supercell each. The three data sets each show a
maximum in the DOS(Ey) at an intermediate oxygen con-
tent. The data most relevant to the experimental samples is
for Cri_y;2N;_ Oy, plotted as gray diamonds in Fig. 4(e).
It exhibits a maximum at x = 0.25 & 0.05. This almost per-
fectly matches the composition x = 0.26 of the sample with
the highest measured n = 4.9 x 10! cm™> and the lowest
measured resistivity. Thus the calculated DOS(Ey) provides a
semiquantitative explanation for the increase and subsequent
decrease in the measured carrier concentration with increasing
x in Crl,x/le,XOX.

IV. CONCLUSIONS

Epitaxial Crj_,/»N;_,O(001) layers were grown on
MgO(001) substrates by reactive magnetron sputtering at
750°C in a N; and Ar + O, atmosphere. Increasing poa
from O to 0.3 mTorr results in films with O content x =
0-0.75 as determined by RBS and EBS. X-ray diffraction
analyses indicate a rocksalt solid solution for x < 0.59 and

a decreasing lattice constant a = 0.4175 nm for pure CrN to
a = 0.4116 nm for x = 0.59. This decrease is attributed to the
presence of Cr vacancies, also detected by RBS/EBS measure-
ments, and agrees well with the predicted lattice constants
from density functional theory calculations. The decrease
in the room-temperature resistivity from 1.5 x 107> Qm for
x=0to 1.4 x 107> Qm for x = 0.08 and the change from
a negative to a positive TCR indicate an insulator-to-metal
transition at x = 0.04 &= 0.03. This transition is accompanied
by a substantial increase in 7 from 1.1 x 10?° cm ™ for x = 0
to 1.8 x 10?! cm™3 for x = 0.08 and a sharp increase in uy
from 0.37 to 2.4 cm?/Vs. These results suggest that substitut-
ing N with O on anion sites of CrN results in n-type doping
which, however, is partially compensated by Cr vacancies that
have a —1 charge and act as acceptors. This interpretation
is consistent with density-of-states calculations which show
that the band gap decreases and then vanishes with increasing
x = 0.0-0.25. Increasing the oxygen content further to x =
0.34 and beyond reverses the trend, resulting in an increase
in p, a decrease in n and uy, a negative TCR, a decrease
in the calculated DOS near Ef, and the opening of a band
gap. This suggests a transition to insulating properties which
are attributed to carrier localization and electron correlation
effects that dominate at x = 0.34 and become much more
pronounced as x is increased to 0.59. An even higher oxygen
content causes a transition to a nanocrystalline or amorphous
structure at x = 0.75.
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