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ABSTRACT

CrN-based alloy thin films are of interest as thermoelectric materials for energy harvesting. Ab initio calculations show that dilute alloying
of CrN with 3 at. % W substituting Cr induce flat electronic bands and push the Fermi level EF into the conduction band while retaining
dispersive Cr 3d bands. These features are conducive for both high electrical conductivity σ and high Seebeck coefficient α and, hence, a
high thermoelectric power factor α2σ. To investigate this possibility, epitaxial CrWxNz films were grown on c-sapphire by dc-magnetron
sputtering. However, even films with the lowest W content (x = 0.03) in our study contained metallic h-Cr2N, which is not conducive for a
high α. Nevertheless, the films exhibit a sizeable power factor of α2σ∼ 4.7 × 10−4 Wm−1 K−2 due to high σ∼ 700 S cm−1, and a moderate
α∼− 25 μV/K. Increasing h-Cr2N fractions in the 0.03 < x≤ 0.19 range monotonically increases σ, but severely diminishes α leading to two
orders of magnitude decrease in α2σ. This trend continues with x > 0.19 due to W precipitation. These findings indicate that dilute W addi-
tions below its solubility limit in CrN are important for realizing a high thermoelectric power factor in CrWxNz films.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0226046

I. INTRODUCTION

Transition metal nitrides (TMNs) constitute an important
class of materials that exhibit a combination of high hardness,
mechanical strength, thermal stability, and corrosion resistance.1

TMNs, such as TiN, HfN, and ZrN, have been used as protective
and decorative coatings, and nanolayers of metallic TMNs are used
as diffusion barriers in nanodevice wiring architectures in inte-
grated circuits.2–5 Narrow-bandgap thin films of TMNs, such as
CrN- and ScN-based alloys, have been considered for thermoelec-
tric and piezoelectric energy conversion.6–9 ScAlN films exhibit
large piezoelectric responses at 500 °C, making them suitable for
high-temperature device applications.10–12

Thermoelectric conversion efficiency is related to a dimension-
less figure of merit ZT ¼ α2σT

κ , where T is the absolute temperature,

α is the Seebeck coefficient, σ is the electrical conductivity, κ is the
thermal conductivity,13,14 and α2σ is the thermoelectric power factor.
Realizing high ZT is a fundamental challenge that requires the cir-
cumvention of unfavorable couplings between α, σ, and κ. ZT
enhancement strategies include doping (less than a few at. %)15 and/
or alloying (several at. % or more)16 to increase α2σ by manipulating
the electronic structure, and decreasing κ by impurity- and
nanostructuring-induced phonon scattering.17,18

CrN-based alloys have inherently high thermoelectric power
factors19–21 due to the narrow bandgap of CrN (Eg∼ 0.2 eV), which
simultaneously induces high σ and high α underpinned by high
charge carrier entropy near the Fermi level EF. These attributes,
together with an intrinsically low κ∼ 2Wm−1 K−1 when compared
to other TMNs,22 due to low phonon lifetimes arising from spin–
lattice coupling,23,24 make CrN an attractive candidate for enhancing
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ZT through doping and alloying. Substituting Cr (3d5) with W (5d4)
in CrN offers the possibility to not only manipulate σ and α but also
decrease κ due to the atomic mass contrast between W and Cr.
Indeed, adding W or V to CrN increase α2σ, but ZT increases
only for W additions which decrease κ,25 unlike V additions
which increase κ.26 Understanding the effects of W alloying on
the electronic structure, phase stability and film morphology are
crucial for understanding and tuning the thermoelectric proper-
ties to realize high ZT in CrN-based films.

Here, we show from ab initio calculations that dilute substitu-
tions of Cr with W in CrN result in flat electronic bands near
the Fermi level EF, which is pushed into the conduction band.
These features are conducive for high σ as well as high α and,
hence, a high power factor α2σ. To examine this experimentally, we
attempted to grow epitaxial CrWxNz films and measured σ and α
as a function of W content x. We find that W additions monotoni-
cally increase σ but severely diminish α due to increasing fractions
of metallic h-Cr2N and W precipitation. These findings indicate
that restricting W content to below its solubility limit in CrN is
crucial for realizing high α2σ in CrWxNz alloys.

II. METHODS

A. Computational details

The electronic structures of cubic Cr1−xWxN with x = 0
and x = 0.03 in double layer antiferromagnetic (AFM [110]2) con-
figuration were computed by density functional theory (DFT) cal-
culations using projector-augmented-wave (PAW) potentials as
implemented in the Vienna ab initio simulation package (VASP)
code.27,28 The exchange-correlation energy was treated within the
local density approximation with Hubbard term U, (LDA + U)
scheme with U = 3 eV29 to consider Coulombic interactions in the
narrow Cr 3d bands and counteract bandgap underestimation or
absence by local approaches. The cutoff energy of plane waves for
the expansion of wavefunctions was set to 520 eV. Brillouin zone
sampling was carried out on a 5 × 5 × 5 Monkhorst-Pack k mesh,
and the electronic optimization criterion was set to 10−5 eV.
A 2 × 2 × 2 supercell of 64 atoms was used to analyze the equation
of state (EOS) to estimate the equilibrium lattice constant a0. The
crystal structure was visualized using Vesta30 and the electronic
structures were plotted using Sumo package.31

B. Experimental details

CrWxNz thin films with 0≤ x≤ 0.25 were grown in an ultra-
high vacuum chamber with a base pressure of ∼10−6 Pa by
DC-magnetron sputtering onto 10 × 10mm2 c-plane sapphire sub-
strates (Alineason Materials Technologies). Prior to film growth, the
substrates were ultrasonicated successively in acetone and ethanol for
10min each, followed by blow drying with a N2 gas jet. The films
were sputter-deposited from 50-mm-diameter disk-shaped targets of
Cr and W (both 99.95% purity) using a 0.33 Pa (∼2.5mTorr)
plasma struck with a 40/60 Ar/N2 mixture. The W level was varied
by fixing the Cr target power PCr constant and varying the W target
power PW in the 0.1≤ PW/PCr≤ 0.65 range. During film deposition,
the substrates were at 600 °C and rotated at 15 rpm.

Phase purity and crystal structure were characterized by x-ray
diffractometry (XRD) using a PANanlytical X’Pert Pro instrument
with a Cu-Kα radiation source operated at 45 kV and 40 mA. Pole
figure measurements were carried out by scanning along in-plane
rotation f and out-of-plane tilt ψ angles at 2.5° steps per second
using cross-slit primary optics and parallel plate collimator second-
ary optics. Film thickness, roughness, and density were estimated
by analyses of x-ray reflectivity (XRR) data acquired using a hybrid-
mirror module with a 0.5° incidence slit and a 0.125° post-
diffraction slit.

Film morphology was examined by scanning electron micros-
copy (SEM) in a Sigma 300 Zeiss instrument operated at 3 kV using
Inlens detector. We carried out energy dispersive x-ray spectroscopy
(EDX) in the SEM for qualitative compositional mapping. We note
that EDX in the SEM is unsuited for quantitative analysis of thin
films on a thick substrate because substrate-induced absorption and
fluorescence predominate and confound the signal from film.32

Film composition was determined from a combination of
Rutherford backscattering spectrometry (RBS) and time-of-flight
elastic recoil detection analysis (ToF-ERDA), which allow quantifi-
cation without the use of standards.33 RBS experiments were
carried out using a 15-SDH2 Pelletron accelerator at Tandem
Laboratory, Uppsala University.34 A 2MeV He+ primary ion beam
was incident at 5° to the sample normal, and the backscattered par-
ticles were detected at 170°. The spectra were analyzing using fits
from SIMNRA simulations.35 For ToF-ERDA measurements, a
44 MeV 136I8+ beam was incident at an angle of 67.5° with the
sample surface normal. The recoiled ions were detected with a ToF
system placed at 45° with respect to the incident beam. Elemental
depth profiles were extracted from the time and energy coincidence
ERDA spectra using Potku 2.0 code.36

Room-temperature electrical conductivity σ was measured by
using a Jandel Model RM3000 four-point-probe station. Seebeck
coefficient, α, was measured using a home-made setup equipped
with Peltier devices that maintain desired temperature gradient
across the sample. In this setup, temperatures are measured with
K-type thermocouples, and the Seebeck voltage is measured with a
Keithley 2001 multimeter as described elsewhere.37 Charge carrier
density n and mobility μ were measured by room-temperature Hall
measurements in a home-made setup with a 0.485 T permanent
magnet. The Hall voltage was measured in the van der Pauw con-
figuration with a Keithley 2100 multimeter for a 40 mA current
supplied by a Keithley 2400 source.

III. RESULTS AND DISCUSSION

A. Ab initio calculations

CrN undergoes a magnetostructural transition at the Néel tem-
perature TN∼ 280 K, wherein the antiferromagnetic low-temperature
orthorhombic phase is converted to the high-temperature paramag-
netic rock salt phase.38 However, cubic CrN is known to energetically
favor the antiferromagnetic spin configuration with alternating
double layers of identical spin perpendicular to the crystallographic
[110] direction (AFM-1102) as shown in Fig. 1(a).39 The equilibrium
lattice parameter a0 of cubic CrN was estimated by fitting energy (E)
vs volume (V) to obtain a0∼ 4.13 Å for CrN [Fig. 1(b)], which
agrees well with prior theoretical and experimental reports.39,40 For
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Cr1−xWxN with x = 0.03, we obtain a0∼ 4.14 Å for W occupancy of
either Cr↑ or Cr↓ sites, suggesting no observable site-occupancy
effect. Thus, we calculated the electronic properties only for W sub-
stitution at Cr↑ sites.

For pristine defect-free CrN, the calculated bandgap
Eg∼ 0.2 eV agrees with prior work,41 and the Cr 3d states are the
primary contributors to the states near EF [see Fig. 1(c)].
Substituting Cr with 3 at. % W, i.e., x = 0.03, pushes the EF inside
the conduction band [Fig. 1(d)] and results in a higher density
of states (DOS) in a narrow energy band near EF [see inset of
Fig. 1(d)] than in CrN. The W-induced EF shift into the conduc-
tion band is likely to produce metal-like electrical transport, com-
monly observed in degenerate semiconductors.

Electronic structure calculations for CrN along the high symme-
try X-Γ-K-W-X path reveal dispersive Cr 3d bands with conduction
band minima at Γ, and a bandgap of Eg∼ 0.2 eV [Fig. 2(a)].
Alloying with 3 at. % W largely preserves the CrN band structure,
but creates additional flatbands with a strong W-d character near EF
[Fig. 2(b)], consistent with the aforementioned W-alloying-induced
DOS increase near EF. We note that the W-induced flatbands arise
from the hybridization of W 3d, Cr 3d, and N 2p orbitals, whereas
Cr 3p and 3d states also contribute to dispersive bands at Γ
[Fig. 2(c)]. These results suggest that the W content should be
dilute enough to maintain a judicious balance of both dispersive
and flatbands to realize high α2σ.42 W-induced flatbands would
entail high charge carrier effective masses m* conducive for high

FIG. 1. (a) A sketch of the cubic CrN crystal structure showing Cr↑ (red) and Cr↓ (green) sites, with W substitution at the Cr↑ sites. (b) Murnaghan fits for CrN and
Cr0.97W0.03N. Density of states plots for (c) CrN and (d) Cr0.97W0.03N with inset showing a zoomed-in view near EF.
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α, as seen from α ¼ 8π2k2B
3eh2

m*T π
3n

� �2
3, where n is the charge carrier

density.13 However, retention of adequate dispersive bands from
Cr is needed for high charge carrier mobility μ and high electrical
conductivity σ.43

B. Epitaxial CrWxN growth and structural analysis

To experimentally investigate our theoretical predictions, we
attempted to grow epitaxial Cr1−xWxNδ films. We chose a growth
temperature of 600 °C because epitaxial rock salt CrN is favored in
the 550 °C≤ T≤ 700 °C range,44 and metallic h-Cr2N formation at
higher temperatures is not conducive for high α. Cr target power
PCr is also a crucial parameter that influences CrN and h-Cr2N
phase selection and fractions, and Cr vacancy concentration that
can impact electronic conductivity σ.45 Results of our studies of
CrN films grown with 42W ≤ PCr≤ 50W showed that the highest
α2σ was obtained for PCr = 44 (see Fig. S1 in the supplementary
material). Accordingly, CrWxNz films were deposited for different
PW at a fixed PCr = 44W.

RBS and ERDA analyses showed that all the CrWxNz films
were nitrogen-deficient [see Fig. 3(a)]. Increasing PW in the
0.1≤ PW/PCr≤ 0.65 range increased the W content from x = 0.03
to 0.25, decreased the nitrogen content from z = 0.91 to 0.21, and
increased oxygen contamination from 1.7 to 5.5 at. %. The large
decreases in nitrogen content correlating with increasing W
content suggests the formation of a Cr-rich Cr2N, corroborated by
XRD analyses described below.

X-ray diffractograms show that W additions shift the 111 and
222 CrN Bragg peaks to higher angles, i.e., lower d-spacings, indic-
ative of W-induced unit cell compression. Even for x∼ 0.03, the

lowest W content explored in this study, we observe the h-Cr2N
(0002) reflection at 2θ∼ 40.3°. The results indicate that the solubil-
ity limit of W in CrN is less than x∼ 0.03 even under the far-from
equilibrium conditions involved during sputter deposition. Low
solubility of W in CrN according is consistent with the large differ-
ences in cationic sizes and electronegativity for Cr and W. Our
attempts to obtain CrN films with lower W contents were unsuc-
cessful due to the instability of the plasma at low PW. Alternative
approaches such as pulsed sputtering, ion-implantation, and hybrid
techniques that independently introduce the dilute alloying
element, e.g., WF6 gas into the plasma,46 are possible strategies to
achieve dilute W concentrations in CrN films.

At x = 0.07, the CrN peaks continue to shift further but consid-
erably decrease in intensity, while the h-Cr2N 0002 peak intensity
increases and the h-Cr2N 0004 peak appears at 2θ∼ 86.5°. No rock
salt CrN peaks were detectable in diffractograms from films with
x = 0.19, whereas the h-Cr2N peaks were stronger. Films with
x = 0.25 exhibit 110 and 220 Bragg peaks at 2θ∼ 40.55° and ∼88.1°
from metallic W, showing the coexistence of metallic h-Cr2N and W.

X-ray pole figure scans around 111 and 03�31 reflections from
the CrNz and CrW0.25Nz films, respectively, show distinct spot pat-
terns at specific angles (Fig. 4). These results show a high degree of
preferred orientation of the grains confirming the epitaxial growth
of CrNz and CrWxNz films. Scans from epitaxial CrN films around
the (111) pole show a central peak surrounded by six {111} peaks
at a radial angle of ψ∼ 71° [Fig. 4(a)] with each of the adjacent
spots separated azimuthally by Δf = 60°. This spot pattern indi-
cates epitaxial rock salt structured crystals with two twin orienta-
tions of on c-sapphire, as reported elsewhere.47 Spots connected by
dotted lines in Fig. 4(a) connote one of the two twin domains. Pole

FIG. 2. Electronic band structures computed by ab initio calculations along X-Γ-K-W-X for (a) CrN and (b) Cr0.97W0.03N. (c) Individual contributions from Cr, W, and N
orbitals to the electronic bands in the EF ± 0.5 eV range for Cr0.97W0.03N.
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figures from CrW0.25Nz films reveal six poles at ψ∼ 65° consisting
of three sets of doublets separated azimuthally by Δf = 120°, imply-
ing threefold symmetry, wherein the inter-doublet separation is
Δf∼ 36° [Fig. 4(b)]. These characteristics indicate that even the
h-Cr2N phase bears an epitaxial relationship with the substrate.
These observations suggest that W alloying stimulates Cr2N crystal
formation from epitaxial CrN, consistent with prior reports of

epitaxial inclusions and in-plane heterostructures of h-Cr2N in epi-
taxial CrN thin films.48,49

Analyses of XRR data (see Fig. S1 in the supplementary
material) show that all the CrWxNz films were ∼60 nm thick
with a roughness of ≤3 nm, irrespective of the W content.
The film density increased from ∼6.7 to 11.1 g cm−3 as the W
content was increased from x = 0.03 to x = 0.25. The baseline

FIG. 3. (a) Elemental concentrations of Cr (black), N (red), and O (blue) determined by RBS and ERDA and plotted as a function of W concentration. (b) X-ray diffracto-
grams from CrWxNz films with 0.00≤ x≤ 0.25, where * connotes the c-sapphire 006 peak at 2q∼ 41.67°. (c) Lattice parameters of CrN and h-Cr2N for CrWxNz films for
W concentrations in the 0.00≤ x≤ 0.25 range.

FIG. 4. Representative pole figure scans from (a) epitaxial CrNz on c-sapphire around the CrN (111) Bragg reflection with 2θ = 37.4° and (b) epitaxial CrW0.25Nz on c-sapphire
around the h-Cr2N (03�31) reflection with 2θ = 73.1°. In (a), the two sets of triplets (dotted lines indicate one triplet) correspond to two twin variants of epitaxial CrN.
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density for CrN films was ∼5.8 g cm−3, which is ∼98% of the
theoretical density of CrN.

C. Morphological studies

W alloying had a significant effect on the epitaxial CrWxNz

film morphology. Pristine epitaxial CrN film surfaces exhibit
large triangular grains [Fig. 5(a)] indicative of 111-oriented rock
salt films.50 In contrast, films with x = 0.03 show highly elon-
gated grains with an average width of ∼70 nm; however, the
average lengths of these grains are difficult to calculate due to
continuous and curved domains [Fig. 5(b)]. These observations
viewed in light of our pole figure results indicate that our epitax-
ial films are comprised of nanocrystalline grains with high
degrees of preferred orientations. EDX maps of W and Cr from
CrWxNz films with x = 0.03 (Fig. S3 in the supplementary
material) show homogenous contrast attributable to dissolved
W, consistent with our XRD results indicating no observable W
precipitation at x = 0.03.

Films with higher W contents show a different morphology
indicative of fine h-Cr2N grains. However, for x = 0.07, we observe
a dense morphology [Fig. 5(c)]. Films with x = 0.19 and 0.25
[Figs. 5(d) and 5(e)] both exhibit similar features having average
grain size ∼40 nm, but with the presence of voids. Increasing the
W content leads to grain refinement, h-Cr2N formation and W
precipitation. The grain size distribution for the corresponding
films is plotted in Figs. 5(f )–5(h). No selective grain boundary
precipitation of W is discernible from EDX maps showing

homogenous W and Cr distributions (see Fig. S4 in the
supplementary material) with no observable correlation with
grain boundary contrast [Fig. 5(e)].

D. Thermoelectric transport properties

The room-temperature values of σ and α measured from the
films are plotted in Fig. 6 as a function W alloying content. Pristine
CrN shows σ∼ 197 S cm−1, which agrees with prior reports for CrN
films deposited under similar conditions.21 Adding W increases σ
to ∼700 S cm−1 for x = 0.03, which is in accordance with the
W-induced changes in the electronic band structure and increase in
the density of states at the Fermi level indicated by our ab initio cal-
culations. For x > 0.03, however, our theoretical calculations do not
directly apply because of h-Cr2N phase formation that was not con-
sidered in our computations. Films with higher W contents in the
0.07≤ x≤ 0.19 range exhibit no considerable changes in σ suggesting
that the increase in σ expected from increased metallic h-Cr2N frac-
tion is countered by the decreased rock salt CrN fraction. At
x = 0.25, σ increases to ∼1800 S cm−1 due to W precipitation.

The thermoelectric properties and the Hall measurement anal-
yses are shown in Fig. 5. All the films show negative α, indicating
n-type behavior, i.e., electrons are the majority charge carriers.
Pristine CrN shows high α∼− 155 μV/K, which reduces greatly to
α∼− 25 μV/K for x = 0.03. Experimental observation of lower α
for x = 0.03 as contrary to the theoretical calculations infers that
one needs to explore much lower W content CrN films to avoid
formation of secondary phases. With even higher W content

FIG. 5. (a)–(e) SEM micrographs from CrWxNz films with 0.00≤ x≤ 0.25, and (f )–(h) corresponding grain size distribution plot with Gaussian fit.
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(x > 0.03), α reduces further and saturates around α∼ 5 μV/K due
to the increased metallic h-Cr2N phase.

The room-temperature power factor α2σ∼ 4.7 × 10−4Wm−1 K−2

for CrN is in close agreement as reported by Kerdsongpanya et al.
(∼5 × 10−4Wm−1 K−2)21 but lower than those of Gharavi et al.
(∼9–11 × 10−3Wm−1 K−2).51 However, due to the reduced α, all films
with W show lowered α2σ values.

Analyses of Hall measurements of the CrWxNz films [Fig. 5(b)]
indicate W additions result in a up to four-orders-of-magnitude
increase in charge carrier density n, accompanied by a two-orders of
magnitude decrease in carrier mobility μ. The large increase in carrier
density is attributed to metallic h-Cr2N

48 and W precipitation. The
increasing nitrogen deficiency in increasing W content suggests that N
vacancies, known to be electron donors in CrN could also be a con-
tributing factor.45

The measured n∼ 5.5 × 1019 cm−3 for CrN agrees well with
prior reports [21]. The low μ is typical of metals and is attributable
to grain boundary and W impurity scattering mechanisms. Since α
and σ are strongly and adversely coupled through n, the monotonic
rise in n increases σ but decreases α, leading to a net decrease in
α2σ. Thus, it is crucial to restrict W additions to below its solubility
limit in CrN to preclude the formation of h-Cr2N and W precipita-
tion to realize high α2σ.

IV. CONCLUSIONS

Ab initio calculations indicate that dilute W additions to CrN
are attractive to increase the thermoelectric power factor due to the
emergence of flat bands near the Fermi level pushed into the con-
duction band. Epitaxial growth of dc-magnetron sputtered W
alloyed CrN films showed metallic h-Cr2N formation even for the
smallest W contents explored in this study. Despite this, the power
factor is considerable at x = 0.08 due to high σ∼ 700 S cm−1 and
sizeable α =− 25 μV/K. Increasing W content severely diminishes α
despite the monotonic increase in σ due to increasing h-Cr2N frac-
tion and W precipitation. These findings indicate that limiting W
alloying to below its solubility limit in CrN is crucial for realizing a
high power factor.

SUPPLEMENTARY MATERIAL

The supplementary material includes details of CrN film
growth as a function of Cr target power PCr, and their thermoelec-
tric power factor. It also presents analyses of x-ray reflectograms
from CrWxNz films to determine film thickness, roughness and
density, and EDX maps of films with the highest W content.
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