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The ScN- and CrN-based transition-metal nitrides have recently emerged as a novel and unexpected
class of materials for thermoelectrics. These materials constitute well-defined model systems for
investigating mixing thermodynamics, phase stability, and band structure aiming for property tailor-
ing. Here, we demonstrate an approach to tailor their thermoelectric properties by solid solutions.
The trends in mixing thermodynamics and densities-of-states (DOS) of rocksalt-Cr;_ScN solid solu-
tions (0 <x < 1) are investigated by first-principles calculations, and Cry_Sc,N thin films are synthe-
sized by magnetron sputtering. Pure CrN exhibits a high power factor, 1.7 x 10 > Wm 'K 2 at
720K, enabled by a high electron concentration thermally activated from N vacancies. Disordered
rocksalt-Cr_,Sc,N solid solutions are thermodynamically stable, and calculated DOS suggest the
possibility for power-factor improvement by Sc3d orbital delocalization on Cr3d electrons giving
decreasing electrical resistivity, while localized Cr3d orbitals with a large DOS slope may yield an
improved Seebeck coefficient. Sc-rich solid solutions show a large improvement in power factor
compared to pure ScN, and all films have power factors above that expected from the rule-of-mixture.
These results corroborate the theoretical predictions and enable tailoring and understanding of struc-

ture-transport-property correlations of Cr;_ Sc,N. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4968570]

I. INTRODUCTION

The increasing demand for renewable clean energy
pushes the research community to find new energy technolo-
gies. Thermoelectric devices have the ability to convert heat
(temperature gradients) into electricity or vice versa without
any moving parts or intermediate cooling/heating agents.'
The source of the temperature gradient can be natural heat
from geothermal or solar energy, or waste heat in automo-
biles or industries, making thermoelectrics an attractive tech-
nology for energy harvesting. The conversion efficiency of a
thermoelectric device directly depends on the temperature
gradient across the device and a material-dependent dimen-
sionless parameter called the thermoelectric figure of merit
ZT, defined as ZT:SZT/pK, where S is the Seebeck coeffi-
cient, p is the electrical resistivity, x is the sum of electrical
and lattice thermal conductivities, K = ,; + &, and T is the
average temperature between the hot and the cold side.’
Since S, p, and x are interdependent, it is difficult to increase
ZT. Therefore, one must consider materials with both high
ZT and high thermal stability.
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Following these requirements, transition-metal nitrides
become interesting materials to consider for thermoelectric
applications in harsh environments because of their excellent
mechanical and electrical properties with high thermal and
chemical stability.” Among the transition-metal nitrides, CtN
and ScN show a range of suitable properties. CrN exhibits
high hardness, wear resistance, and corrosion resistance,“_8
and can furthermore easily be synthesized in bulk,’"" as thin
films, or thick coatings (100 nm-100 ,um).lz*14 On the other
hand, ScN has both high temperature stability and high hard-
ness, H ~ 21 GPa.">™'7 In terms of thermoelectric properties,
CrN has a high Seebeck coefficient of —135 uV/K (Refs.
18-20) and quite low thermal conductivity of 1.76 W m ™'
K~ ! at room tempelrature.l&19 However, CrN has the draw-
back of a relatively high electrical resistivity in the range of
2x107* to 1 x 10~ Qm at room temperature.*'*'#2! This
is because the localized 3d orbitals in CrN give a large effec-
tive mass for electrons resulting in large Seebeck coefficient,
but high electrical resistivity.”>* ScN is a narrow-bandgap
semiconductor, but can in thin-film form exhibit low,
metallic-like, electrical resistivity of about 1.0 x 107° to
2.2 x 10°% Qm with a relatively large Seebeck coefficient of
about —75 uV/K at room temperature.” >’ A weakness of
ScN is its rather high thermal conductivity of 1I0W m ' K.

Published by AIP Publishing.
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This background on CrN and ScN presents a possible
approach to improve their thermoelectric properties by form-
ing a solid solution.?® The hypothesis is that the characteris-
tic empty 3d orbitals in Sc could yield a decrease in the
electrical resistivity of CrN by delocalizing the electrons in
Cr 3d orbitals, and a possibility to increase Seebeck coeffi-
cient in ScN by filling empty 3d orbitals in ScN with local-
ized Cr 3d orbitals. Furthermore, one can expect a decrease
in thermal conductivity of ScN and CrN due to alloying-
element phonon scattering. In this study, we report theoreti-
cal investigations of phase stability and the electronic density
of states in Cr;,Sc,N, and experimental determination of
thermoelectric properties of disordered Cr;_ Sc,N solid
solutions.

Il. COMPUTATIONAL AND EXPERIMENTAL DETAILS

A. Calculations of mixing thermodynamic and electric
density of states

All calculations in this work were performed based on
first-principles density functional theory (DFT) using the
Kohn-Sham equations®® with Projector Augmented Wave
method (PAW)*® as implemented in the Vienna Ab-initio
Simulation Package (VASP) code.*’*? The local density
approximation with a Hubbard Coulomb term (LDA-+U)
was used as exchange-correlation f:n<=,rgy.33’34 We use the
value of 3eV for the effective US'=U — J (U™ is desig-
nated as U elsewhere in the paper) applied on to 3d orbitals.
This value was found to be optimal in the CrN system for
reproducing both the experimental lattice parameter of the
paramagnetic cubic phase, the experimental degree of ortho-
rhombic distortion in the antiferromagnetic phase, and the
experimental valence band electronic structure of the cubic
phase.” Also other groups have reached similar conclusions
regarding the U-value for CrN.***** Moreover, we performed
test calculations of effective U in Sc 3d orbitals; the results
show that the calculated lattice constant for pure ScN using
LDA-+U with the same U=3¢eV closely match the experi-
mental lattice constant also for this nitride. Therefore, we
used a consistent U=3eV applied to 3d orbitals in both Cr
and Sc in all systems.

To determine the phase stability of the rock salt (B1)
structure alloys in the Cr;_Sc,N solid solution system, we cal-
culated the mixing enthalpy from the calculated formation
energy of the pure binary nitrides CrN and ScN at zero pres-
sure, that is, using the total energy at the optimal volume for
each specific concentration. In order to capture the paramag-
netic states in CrN and Cry_ScN system, we also set the ini-
tial magnetic moments of Cr atoms in equal number to either
3 or —3 Bohr magnetons. The special quasirandom structures
(SQSs)-based approach™® was used to generate substitutionally
disordered 3-metal-component solid solutions on the rock salt
(B1) lattice(Cr'osCrlos); _xScxN  with  the compositions
x=0.25, 0.50, and 0.75. For pure CrN a two-component SQS
was used for modelling Cr'ysCr'osN. We used for all SQS a
4 x 4 x 4 repetitions of the face-centered-cubic (fcc) unit cell
consisting of 64 atoms on each sublattice (i.e., 128 atom
supercells) to obtain converged total energies. The pair corre-
lation functions, quantifying the configurational state of a
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structure,””® were for these SQS structures identical to the
ideal disordered system on the first two nearest neighbor shell
and differing with less than 0.04 on the first seven shells for
all compositions. We also considered chemically ordered, but
magnetically disordered configurations which are represented
by the B1-L1; (CuPt) metal-sublattice ordering with composi-
tion x =0.50. This structure was selected since it represents
the maximum ordering possible on the second metal coordina-
tion shell on the fcc lattice. In the B1 nitrides, the nitrogen
atom is placed in the octahedral site in between two second-
neighbor metals. Strong lattice relaxations tend to favor to
have two different types of metals on this coordination shell.
Thus, this B1-L1; structure, predicted as the lowest energy
ordering in TipsMggsN (Ref. 39) and ZrysGdysN (Ref. 40)
contrast strongly to the phase-separated state and together
with clustering and the SQS structure give a good estimate of
the energy span of different configurations with the composi-
tion x =0.50. To get a guideline for the effect of temperature
on phase stability, we consider the change in Gibbs free
energy of the disordered solid solutions

AG(x,T) = AH v (x) — TAS i (x), (1)

where AH(x) is the mixing enthalpy per formula unit which
is calculated by

AHmiX(x) = H(CJ'I,XSCXN) - (1 - X)HCFN _XHSCNv (2)

where the enthalpies are considered at zero pressure as the
energies of each phase is taken at its corresponding equilib-
rium volume. The mixing entropy AS(x) can be estimated
from the mean-field approximation

Sy = —kp{xIn(x) + (1 —x)In(1 —x)}, 3)

where x is the fraction of considered solid solution material.
This formula is a simplification of the real entropy and is
used to estimate the effect of temperature on phase stability.
In this study, the vibrational contributions are neglected
because they are not of critical importance for the ability to
draw qualitative conclusions about mixing trends far below
the melting point of these nitrides, which are as high as
above 2000K.> A plane wave cut-off of 400eV was used. A
Monkhorst-Pack*' k-point mesh of 7 x 7 x 7 points for 128
cells and 21 x 21 x 21 points for the binary ScN was used.
In all systems, the internal coordinates of atoms were fully
relaxed until formation energies converge to about 10 meV,
and in the case of ordered alloys, the cell shape was also
relaxed. The lattice relaxation of our SQS:s do give rise to a
small artificial energy induced by the specific magnetic order
being fixed in time instead of dynamic.*> However, these
terms are almost fully cancelled in mixing enthalpy calcula-
tions as it is present also in our pure CrN calculation as dem-
onstrated by us for the alloy Crl_xAIXN.43 Furthermore, the
electronic density of states of three Cr;_Sc,N solid solution
compositions (x =0.25, 0.50, and 0.75) was calculated for
further understanding of electronic properties of the solid
solutions. Here, we used fully relaxed supercells from the
phase stability study as starting structure. For these elec-
tronic densities-of-states (DOS) calculations, the k-point
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mesh of 25 x 25 x 25 for binary ScN and 7 x7 x7 128
atoms supercell.

B. Sample preparation

Cry_xScN thin films were grown onto one side polished
Al,03(0001) substrates using reactive dc magnetron sputter-
ing in a high vacuum chamber with a base pressure of
2 x 107" Torr (~2.7 x 1073 Pa). The chamber is described in
detail elsewhere.** The 99.95% purity Sc (specified as the
ratio of Sc to the amount of rare-earth metals in the target)
and 99.99% purity Cr targets have diameters of 75 mm. Prior
to deposition, the substrates were cleaned in an ultrasonic
bath with trichloroethylene, acetone, and isopropanol for
5 min per step, and subsequently blown dry with N,. Before
deposition, the substrates were heated to the deposition tem-
perature of 600°C for 1h to stabilize the temperature and
reduce the amount of outgassing during deposition. A series
of Cr/Sc magnetron powers of 50/0, 50/40, 50/75, 35/80, 25/
85, 15/85, 10/90, and 0/85 W were applied. The substrate
was rotating during deposition in order to improve the film
uniformity. The depositions were performed in an Ar/N,
atmosphere with a flow ratio of 40% Ar/60% N, resulting in
a total gas pressure of ~0.70 Pa. The film thickness of all the
samples in this study was kept at 300 nm.

C. Chemical composition analysis

Compositional analysis of as-deposited films was per-
formed by time-of-flight elastic recoil detection analysis
(ToF-ERDA). Here, a 36 MeV ?"I¥" beam was directed to
the samples at an incident angle of 67.5° with respect to the
surface normal, and the target recoils were detected at an
angle of 45°. The spectra were analyzed using the CONTES
code with the recoil energy of each element converted to a
compositional depth profile.*>°

D. Structural characterization

Structural characterization of the as-deposited films was
performed by X-ray diffraction (XRD) using a Panalytical
Empyrean diffractometer with Cu K,, as X-ray source. The
0-20 scans were measured using a hybrid mirror primary
optics in combination with a PIXcel detector in receiving slit
mode. For the w-rocking curves of the Cr;_,Sc,N 111 peak,
the hybrid mirror was used together with a triple axis ana-
lyzer as secondary optics for high crystalline quality sam-
ples, and a 1/32° fixed slit for low crystalline quality
samples. The ¢-scans were measured using a 2 X 2mm
crossed slits primary optics and parallel-plate collimator sec-
ondary optics. The scans were performed with a steps size of
1° from 0° to 360° with a tilt angle of 54.7° at 20 angles cor-
responding to the 200 peaks for the different films.

The transmission electron microscopy (TEM) specimen
was prepared by the conventional method: thin film samples
were face to face glued and put into a Ti grid, mechanically
polished to a thickness of approximately 50 um, followed by
ion milling using a Gatan precision ion polishing system
with 5keV Ar" ions until electron transparency, followed by
fine polishing using 1.8 keV Ar™ ions for 30 min and 0.5 keV
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for 3h. High resolution transmission electron microscopy
(HRTEM), selected area electron diffraction (SAED), and
scanning transmission electron microscopy (STEM) were
carried out using a FEI Tecnai G2 TF20 UT TEM with a
field emission gun operated at 200kV for a point resolution
of 0.19 nm. The microscope is equipped with an energy dis-
persive X-ray spectroscopy analysis (EDS) system, allowing
EDS mapping to be performed in STEM mode.

E. Thermoelectric properties measurements

The in-plane Seebeck coefficient and electrical resistiv-
ity of the film were simultaneously measured from room
temperature up to ~770K by an ULVAC-RIKO ZEM3 sys-
tem at the Technical University of Denmark (DTU) in vac-
uum with a low pressure helium atmosphere (~0.09 MPa,
purity 99.999% with <0.5 ppm residual oxygen). The setup
in the ULVAC ZEM3 at DTU was developed for thin films
and tested on a series of standard samples of Si-Ge and
Bi,Tes;. The substrate contribution to the Seebeck coefficient
and electrical resistivity is negligible, and the instrumental
error is within 7%. Temperature-dependent Hall carrier con-
centration and carrier mobility data were determined on
10mm x 10mm thin film samples by Hall measurements
using the IPM-HT Hall-900 K system developed and con-
structed by Fraunhofer IPM in Freiburg, Germany.

Thermal conductivities of Cr;_,Sc,N solid solutions
were measured at 300 K and 600 K by time-domain thermor-
eflectance (TDTR). Here, we briefly discuss only the meas-
urements on Cry_,Sc,N samples, and readers are referred to
Refs. 47 and 48 for details of the TDTR setup and implemen-
tation. Before conducting TDTR measurements, the samples
were coated with a ~90-nm thick Al film as the transducer
for the measurements. In TDTR measurements, laser pulses
from an ultrafast laser are split into a pump and a probe
beam. The pump beam heats the samples periodically, creat-
ing a temperature oscillation in the samples. The probe beam
monitors the temperature oscillation at sample surfaces
through thermoreflectance (i.e., change of reflectance with
temperature). Since the induced temperature oscillation
depends on the thermal properties of the samples, TDTR is
an accurate approach to measure the thermal conductivity of
nanostructures.**=! In this study, we used a 1/e? laser radius
of 10 um, a modulation frequency of 10 MHz, and a total
laser power of ~40 mW to limit the steady state temperature
rise to <10 K. The thermal conductivities of Cr;_Sc,N were
then derived by comparing the TDTR measurements to the
calculations of a thermal model.>? In the analysis, we used
the thickness of Al film derived from picosecond acoustics,™
the heat capacity of CrN and ScN from their bulk values,>*>
and the heat capacity of Cr;Sc,N alloy films estimated
from virtual crystal approximation.

lll. RESULTS AND DISCUSSION
A. Theoretical study

Figure 1 shows the calculated mixing enthalpy of the
Cry.xSckN solid solution. The result shows a weak positive
asymmetric mixing enthalpy curve for the disordered solid



215103-4 Kerdsongpanya et al.

solution over the entire composition range. The maximum
value is 0.061eV/formula unit (f.u.) at approximately
x = 0.60. Considering the ordered solid solution of B1-L1,
structure at x =0.50, the result shows a slightly negative
mixing enthalpy energy of —0.008 eV/f.u. Here, it should be
noted that pure CrN and ScN have rather different lattice
constants of 4.128 A and 4.509 A, respectively. Thus, if an
alloy were to phase-separate coherently, considerable elastic
energy penalty terms would also have to be considered. This
is in contrast to fully incoherent phase separation that can be
modeled directly from the mixing enthalpies of Figure 1. To
qualitatively estimate the equilibrium mixing trend at high
temperatures, we add the configurational entropy from a
mean-field approximation. The contribution of the magnetic
entropy to the mixing thermodynamics in the paramagnetic
state of the considered alloys is likely to be small. The local
magnetic moments of Cr atoms are found to be almost
unchanged as a function of alloy composition. The mean of the
magnitude of the Cr moments (M) are 2.81 ug for CrN, 2.82 up
for Crp75ScoosN, 2.84 ug for Crys50ScosoN, and 2.85 up for
Cro»5Sco75sN. Thus, the impact of magnetic entropy of Cr
atoms, which can be estimated in the paramagnetic state by the
formula Syiag =kg X In(M + 1) X fraction(Cr), on the alloy
phase stability is minimal as it cancels in the derivation of the
mixing free energy. At reasonably low temperatures with
respect to the melting points of the isostructural alloys, the
vibrational contributions are expected to vary rather linearly
with composition and thus not influence the mixing thermody-
namics significantly. As an example, for the related isostruc-
tural B1 Ti; AN system, below ~1000°C, vibrational
contributions to the free energy were found to not influence the
phase diagram significantly.>®>’

The results in Figure 1 indicate that while the ordered
B1-L1, phase is stable at low temperatures, there is a ten-
dency for phase separation at temperatures above ~800°C,
once again if we consider incoherent equilibrium phase sepa-
ration. The miscibility gap is closed by mixing entropy
effects at a temperature about 1500 °C, above which a single
phase disordered solid solution is stable for all investigated
compositions. However, nonequilibrium techniques like

“RELELE BLELEL BLELELE BLALELE B BLELELE B NURLELE B B
0.16F = AH , disordered —— AH . disordered fitting
;-“ + AH_, L, ordered structure
"S-' 042f - AG,, atT=600°C — — AG,_, atT=800°C ]
@ -G, atT=1000°C ---- AG,, atT=1200°C
& 0.08F = AG,, atT=1500"°C b
= [
[) [
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[0} 0.04_
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X 0.0
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0.0 041

FIG. 1. The calculated mixing enthalpies of substitutionally disordered
solid solution, mixing Gibb free energy, and B1-L1, ordered solid solution
of Cry_Sc,N, as a function of ScN content.
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magnetron sputtering can induce mixing between CrN and
ScN at a growth temperature much lower than the closure of
the miscibility gap. This is due to lack of bulk diffusion and
since the free energy driving force for either phase separation
or ordering is rather small. Furthermore, as-deposited Cr.
ScN films will remain disordered solid solutions, if strain
effects, short range ordering, and vibrational effects are
taken into account.

Our observed result differs from a previous study
reported by Zhou et al., who used the generalized gradient
approximation (GGA) for the exchange correlation approxi-
mation resulting in almost zero mixing enthalpy over the
entire composition range in Cr;,Sc,N disordered solid
solution.”® The difference observed between these two
exchange-correlation approximations can be explained by
the following bonding picture: When Sc is added to CrN, the
Cr 3d electrons can delocalize over Sc empty 3d states
resulting in Cr-Sc bonds becoming more favored over the
combination of Cr-Cr and Sc-Sc bonds. This electronic effect
is counteracted by volume differences that will favor cluster-
ing of Cr-rich and Sc-rich regions. Since the GGA and local
density approximations (LDA) without Hubbard U-correction
favor the delocalization of electrons, they will give strong d-d
bonds and a large negative contribution to mixing tendency,
i.e., lowering the mixing enthalpy. On the other hand, the
LDA+U forces the 3d electrons to localize and weaken the
d-d bonds, thus LDA+U will give a smaller negative contri-
bution to the mixing enthalpy. In both cases, the volume mis-
match gives a positive contribution to the mixing enthalpy, in
which the GGA calculations are almost exactly balanced with
the electronic term. However, in our LDA+U calculations, it
is not fully balanced with a resulting net positive mixing
enthalpy. Since the LDA+U approximation gives a better
description than GGA for pure CrN, it should also give a
more trustworthy representation of the mixing enthalpies of
CrN-based alloys. The above arguments can also be used to
understand the effects of strong electron correlation on the
mixing of CrALN,* where Al, without 3d states, breaks
Cr-Cr 3d bonds and the effect of strong electron correlation
on mixing is opposite to Cr;_,Sc,N. In Ti;_CrN where the
Ti-Cr 3d hybridization exists, the observed trend is similar to
the present case.””

Figure 2(a) shows the electronic density of states (DOS)
of Cr;_,Sc,N solid solutions with x =0.25, 0.50, and 0.75, in
comparison with binary CrN and ScN. The underlying bond-
ing physics that give rise to the semiconducting character of
ScN and CrN was discussed in Ref. 24 and references
therein. In short, in ScN, the three valence electrons from
nitrogen plus the three valence electrons from scandium fill
the six available states in the bonding band (N 2p - Sc 3d
e, +Sc 4s), while leaving the non-bonding Sc 3d t,, band
empty above the Fermi level. CrN, with three additional
electrons also fills half of the non-bonding 3d t,, state induc-
ing a magnetic splitting. This forms robust local magnetic
moments around 3 upg and forms a small band gap at the
Fermi level.

Pure CrN exhibits a steep slope at the top of the valence
band and the bottom of the conduction band. Adding Sc into
CrN to form Cry_,Sc,N solid solutions resulted in a decrease
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FIG. 2. The calculated electronic den-
sity of states (DOS) of Cry_Sc,N solid
solution, (a) energy range from —5 to
5eV which enlarge from the total DOS
and (b) the calculated site projected
electronic density of states (DOS) of
Cr_ScN solid solution.
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in the states around the top of the valence band and changes
the slope on the bottom of the conduction band. In addition,
the energy band gap also changes as: CrN 0.20eV;
Crp.755¢025N 0.80eV; Crgs505¢o50N 0.90eV; Crgo2s5Sco 75N
0.60eV; and ScN 0.20eV, respectively. While the absolute
values of the calculated energy band gap by DFT should be
viewed with care, the trend can still be observed. These
results indicate that there is a positive bowing parameter for
the band gap of this alloy system, with the alloys having
larger bandgaps than either of the two pure binaries. The rea-
son behind this positive bowing parameter is the localization
of Cr and Sc d-states as a result of solid solution disorder.
Thus, this localization will reduce the tail of the states at the
top of the valence band and the bottom of the conduction
band, which results in an increase of the bandgap. This effect
is rather small and might have been hidden if the difference
between the pure binaries had been larger, since a general
linear tread from alloying effect can dominate as the average
bond lengths change. Note that this analysis is subject to
uncertainty as the DFT (and DFT+U) error of bandgaps
might be somewhat different for CrN and ScN.

The projected density of states is shown in Figure 2(b).
It indicates that, for the binary CrN, the major states around
the top of the valence band and the bottom of the conduction
band are given by the occupied ¢, states and unoccupied #,,
and e, states, respectively.”> They are strongly correlated d
orbitals, resulting in a steep slope in the top of the valence
band and the bottom of the conduction band. In contrast,
ScN has a moderate slope at the top of the valence band and
the bottom of the conduction band. This is due to the fact
that, in ScN, the top of the valence band and the bottom of
the conduction band are dominated by delocalized 2p orbi-
tals from N and empty 3d orbitals from Sc, respectively.
Thus, the charge transport in CrN will mostly be d to d
states>* unlike ScN, where the top of the valence band is

; Projected DOS N
4

A4_ 0 1 2 3
Energy, E-E_(eV)

dominated by N and Sc contributing to bottom of conduction
band, resulting in p to d states charge transfer. By alloying
CrN with Sc, we reduce Cr contribution as well as delocalize
the Cr 3d orbitals with Sc 3d orbitals, resulting in the states
at the top of the valence band decreasing and changing the
slope at bottom of conduction band.

In terms of transport properties, there are degrees of
delocalization of Cr 3d orbitals when Sc is added resulting in
strong Cr-Sc bonds as compared to Cr-Cr bonds. This delo-
calization effect should decrease the effective mass of charge
carriers resulting in a decreased electrical resistivity in Cry_
¢ N solid solution especially in Cr-rich regime. This delo-
calization effect also suggests a possibility to improve the
Seebeck coefficient of the Sc-rich solid solution and largely
retained Seebeck coefficient on the Cr-rich solid solution. To
conclude, the theoretical studies of electronic DOS in Cry.
SciN solid solution support the hypothesis that the thermo-
electric properties of ScN and CrN can be altered by forming
a solid solution. Note that the charge-carrier-alloy scattering
is not considered in this analysis, and can cause an increasing
of electrical resistivity and reduction of Seebeck coefficient.

B. Film growth

The compositional analysis with time-of-flight energy
recoil detection analysis (ToF-ERDA) of as-deposited Cr;_,
Sc,N solid solution films is shown in Table I. The Cr;_ Sc,N
solid solutions and the CrN film are off-stoichiometric with
respect to nitrogen-to-metal ratio by 6-8 at. %. This off-
stoichiometry may be due to the combination of a too low N
gas flow (60% of total gas flow) during film growth, and the
out-diffusion of N from the film around 600 °C. Using the
ToF-ERDA results, we obtain ScN molar fractions of
x=0.00, 0.12, 0.24, 0.36, 0.46, 0.60, 0.70, and 1.00. The
CrN film contains no impurities within the ToF-ERDA
detection limit, which is <0.1 at. % at the present conditions.
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solution films determined by ToF-ERDA. Ps. and P¢, is the applied power on the Sc and Cr targets,

PCr PSC Cr Sc N C (0] F
[W] [W] [at. %] [at. %] [at. %] [at. %] [at. %] [at. %]
50 0 542+14 0 458*1.5 0 0 0

50 40 482+ 14 6.5+0.8 443+15 0.4+0.2 0.6+0.2 0

50 75 402+12 129=*1 443*15 0.7x0.2 1503 0

35 80 342+ 1.1 182+1 440=*15 0.7x0.2 20x0.3 09*02
25 85 284 *1 23.8*09 433*15 09*02 28*0.3 0.8*0.2
15 85 2051 305+ 1.1 446=*15 0.6*0.2 29+0.3 09x02
10 90 152+1 359+1.2 443+15 04+02 3304 09x02
0 85 0 503+14 4377+15 0.4+0.2 5.0%0.6 0.6*0.2

For the other films, the impurity content (carbon, oxygen, and
fluorine) increases with the amount of Sc, and the pure ScN
film contain as much as 5 at. % of oxygen. Almost 1 at. % of
fluorine is detected in the films with a Sc concentration of
more than 18 at. %. The source of the fluorine is most likely
from the Sc target, caused by the production process. In addi-
tion, Sc also has a high oxygen affinity.®® Since these films
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FIG. 3. (a) X-ray diffraction 0-20 measurements of Cr;_,Sc,N solid solution
thin films on Al,O3(0001) and (b) comparison between the calculated and
experimentally determined lattice parameters for rocksalt (B1) Crj(Sc,N
solid solutions as a function of the Sc content. The purple line indicates
Vegard’s rule that is obtained from experimentally determined lattice param-
eters of CrN and ScN from ICDD PDF 01-074-8390 and ICDD PDF 45-097,
respectively. Inset shows the Full Width of Half Maxima (FWHM) of as-
deposited Cry_Sc,N solid solution films which obtained from w-scan.

were grown in a high-vacuum system (~2.7 x 10>Pa), Sc
tends to react with oxygen and carbon in water vapor and car-
bon dioxide during the deposition, causing the observed
increase of the oxygen and carbon impurity levels.

Figure 3(a) shows 0-20 X-ray diffraction (XRD) pat-
terns from as-deposited Cry_,Sc,N solid solution films where
x ranges from 0.00 to 1.00. The patterns show the CrN and
ScN 111 diffraction peaks at 26 angles of 37.48° and 34.14°,
yielding lattice parameters of 4.145 A and 4.537 A, respec-
tively. When alloying CrN with Sc, the CrN 111 peaks are
shifted according to the amount of Sc in the film. These
results show the formation of Cry_,Sc,N solid solutions. The
lattice parameters of these solid solution films are calculated
and compared to our theoretical results, as shown in Figure
3(b). The calculated and experimentally determined lattice
parameters follow the same trend, but the experimental
results show larger lattice parameter, because of impurities
and to a lesser extent off-stoichiometry.

To confirm the epitaxy, ¢-scans were performed. Figure
4 shows ¢-scans of the 200 peaks of CrN, Crg 54S¢q 46N, and
ScN in comparison with the 1014 peak of the Al,Os sub-
strate. All films exhibit six peaks rather than three, as
expected for the three-fold cubic symmetry. The additional
peaks are due to twin-domain formation caused by two dif-
ferent stacking sequences in the [111]-direction of a face-
centered-cubic (fcc) material on Al,Os. In addition, there is
an in-plane rotation of the domains such that the 200 peaks
of the films are located 30° from the 1014 peaks of the sub-
strate. These results confirm that the films retain the cubic
rocksalt structure, and that the epitaxial relationships are
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FIG. 4. X-ray diffraction ¢-scans of (solid lines) the CrN, Cro 54S¢o.46N, and
ScN 200 planes, and (dashed lines) the Al,O3 1014 planes.
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(110); //(1010), in-plane and (111); // (0001), out-of-plane,
where f=CrN, Cr;Sc,N, or ScN, and s=Al,0;.
Moreover, the fact that CrN peak is narrow and has a high
intensity indicates that the CrN is of high crystal quality and
well aligned to the Al,Os; substrate. The peak intensity
decreases when Sc is added to CrN. Moreover, there is a
small peak shift of the ScN peaks toward the substrate peaks.
This was observed in our previous study® and is attributed
to the large positive mismatch between the ScN and Al,O;
lattices, causing the ScN domains to slightly off-aligned
from in-plane epitaxial relationship.

To investigate the crystalline quality of the Cr;Sc,N
solid solution films we performed rocking curve measure-
ments and determined the full width at half maximum
(FWHM) of the 111 diffraction peaks in Figure 3(a). The full
width at half maximum values, presented in Figure 3(b), are
increasing with increasing Sc concentration and shows that
the crystalline quality is reduced as more Sc is added. This is
because of the increased impurity incorporation (of mainly
oxygen) and the low mobility of ScN adatoms at the rela-
tively low substrate temperature. Sc has a high affinity to N
and is thus likely to form a dimer with N, resulting in a low
adatom surface mobility.®"%* Typically, ScN requires high
substrate temperatures (about 800 °C) in order to obtain high
crystalline quality films.?>*®* However, in order to be able to
compare the thermoelectric properties of the different films,
and to prevent decomposition of CrN, the substrate tempera-
ture was kept at 600 °C for all depositions.

The microstructure of a selected Cr;_Sc,N solid solu-
tion film is shown in Fig. 5. The overview cross-section
transmission  electron  microscopy (TEM) of the
Crg.765¢0 24N solid solution film (Figure 5(a)) reveals that
the film consists of columnar domains. The selective area
electron diffraction (SAED) pattern with the beam aligned

ell1
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0002 o b=
» 1120- |
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.

FIG. 5. Cross-section TEM micrographs of Crg76Sco 24N film on Al,O3 (a)
overview image (inset shows SAED pattern of film and substrate along the
[110] and [1010] zone-axes, respectively), (b) interface between film and
substrate, and (c) EDS elemental mapping on the area inside the white box
with Cr (pink) and Sc (green).
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along the [110] zone axis of the film and [1010] zone axis
for the Al,03(0001) substrate shows well-defined discrete
spots corresponding to an fcc structure epitaxially grown on
the substrate, confirming that the film consists of a single
phase of high crystalline quality, in agreement with XRD
results. The high resolution TEM image of the interface
between the Crg76Sco-4N solid solution film and the Al,O3
substrate (Figure 5(b)) together with the SAED pattern
shows that the film is epitaxial as observed in the ¢-scan. In
addition, scanning transmission electron microscopy
(STEM) and energy dispersive X-ray spectroscopy analysis
(EDS) mapping (Figure 5(c)) reveals that the film is uniform
without any elemental segregation. This confirms that the
Cr;_xScyN solid solution films are disordered, as predicted
from theory.

C. Thermoelectric properties

The in-plane electrical resistivity and Seebeck coeffi-
cient of the Cr{_,Sc,N films are shown in Figure 6. CrN
shows semiconducting behavior with a resistivity of about
~7mQcm at room temperature which is slowly decreasing
with temperature to 2.5 mQcm at 770K since CrN becomes
unstable above this temperature, as shown in Figure 6(a).
This resistivity range is quite low for CrN as compared to
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FIG. 6. The measured in-plane thermoelectric properties of Cry_ScN solid
solution films (a) electrical resistivity and (b) Seebeck coefficient.
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reported literature values.*'*'®2! Hall measurements (see
supplementary material) were performed on all films. These
yielded a carrier concentration of 2.3 x 10"”cm ™ for CrN at
room temperature, increasing non-linearly to 7.4 x 10" cm ™
at 675K, with a corresponding decrease in carrier mobility
from 33 to 20.5cm”> V! s_l, which can be attributed to
vacancy scattering. Based on these results, it can be concluded
that the low resistivity in our CrN films is due to a high elec-
tron concentration which is thermally activated from N vacan-
cies.>!"** This is a different mechanism than that reported
recently for stoichiometric CrN,% where it was shown that the
resistivity of CrN can be reduced by improving the crystal
quality by annealing to stoichiometry, and thereby yielding an
increase in carrier mobility.

Figure 6(b) shows the Seebeck coefficients of all Cry_Sc,N
films (0 <x<1). CrN exhibits a negative Seebeck coeffi-
cient of —183 uVK™!' at room temperature and —203 uV
K~ ! at 770K. The negative Seebeck coefficient indicates
that electrons are the majority charge carriers in CrN, which
is confirmed by the Hall measurements (supplementary
material). In addition, our CrN films shows a large Seebeck
coefficient especially from room temperature to 675 K com-
pared to reported literature values.'®2%%>® This can be
explained by the influence of N defects on the electronic
structure of CrN. As pointed out by Mozafari er al.** that N
vacancies can increase the slope of electronic density of
states (DOS) around Fermi level, which in turn can increase
the Seebeck coefficient according to the Mott equation.®”*®
This large Seebeck coefficient and low resistivity in the CrN
film yields a relatively high thermoelectric power factor of
~1.7x103Wm 'K 2at 720K, as seen in Figure 7, which
is similar to what has been observed for Na-doped PbTe.*

The present ScN films exhibits electrical resistivity of
1.0mQcm at room temperature, increasing to 1.4 mQcm at
770 K. This is a rather high resistivity compared to previous
reports,”>%% but still follows the same trend as a metallic-like
conduction. The reason for the high resistivity in this ScN
sample is most likely because of the higher O impurity
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FIG. 7. The calculated in-plane thermoelectric power factor from measured
electrical resistivity and Seebeck coefficient of Cr;(Sc,N solid solution
films.
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content. Furthermore, the ScN film exhibits Seebeck coeffi-
cients decreasing from —27.9 uV/K at room temperature to
—58.1 uV/K at 770 K; all those are lower than those reported
in Refs. 25 and 26 as a result of the O impurities. Thus, the
thermoelectric power factor is also lower.

As for the thermoelectric properties of Cry_Sc,N solid
solution films, the results show that the electrical resistivity at
a given temperature tends to decrease with increasing Sc con-
tent (Figure 6(a)). The effect is more substantial in the low
temperature region for T < 600 °C. At first, Cry ggSco 12N and
Crp.765¢0.24N have resistivity of 3.4mQcm and 2.1 mQcm,
respectively, at room temperature. Then, their conduction
behavior changes from semiconducting to metallic-like con-
duction, and as a result, their resistivity linearly increases to
3.6mQcm and 2.5mQcm at 770K, respectively. Further
increasing the Sc content in Cr;_,Sc,N solid solution, how-
ever, leads to an increase in resistivity, especially at the Sc-
rich sample where resistivity should show a similarity with
ScN, as we expected due to theoretical results suggest that the
delocalization effect from empty 3d state in Sc should
improve the carrier mobility. However, Hall measurements
(supplementary material) results show that the reason of
change in electrical resistivity after alloying is an increase of
charge carrier concentration instead of increasing carrier
mobility (see Figure S3(a) in supplementary material), which
is contrary to our theoretical suggestion. This is because of the
amount of O impurities acting as dopants and increasing with
Sc content (see Table I or Figure S1 in supplementary mate-
rial). These impurities lead to an electron-alloy scattering
increasing electrical resistivity. Moreover, there is also a pos-
sibility that a secondary phase of Sc,0O3 can form at grain or
domain boundaries apart from electron-alloy scattering.

All Cry_ScyN solid solution films show a linear temper-
ature dependence of the negative Seebeck coefficient. The
linearly temperature dependent negative Seebeck coefficient
for the solid solutions suggest that all samples are degenerate
semiconductors with electrons as majority carrier which is
confirmed by Hall measurement (see supplementary mate-
rial). With increasing Sc concentration in Cr;_,Sc,N solid
solution, the Seebeck coefficient decreases over the whole
measured temperature range. This is due to two reasons: (i)
the delocalization of 3d electrons of Cr over Sc 3d orbitals
leading to a reduction of Seebeck coefficient; (ii) the O
impurities leading to an increasing electron concentration
according to Hall measurement results (see supplementary
material). In contrast, there is an increase of the Seebeck
coefficient for the Sc-rich samples compared to ScN, i.e.,
Crg305¢c060N has a Seebeck coefficient of —105.5 uV K™!
compare to —58.1 uV K~' at 770K for ScN. This supports
the explanation that the localized 3d orbital of Cr can
improve Seebeck coefficient of ScN by increasing of the
slope around Fermi level in the ScN electronic density of
states. Thus, Sc-rich solid solution films show an improve-
ment in thermoelectric power factor (Figure 7) compared to
pure ScN. Reducing the amount of O impurities (noting that
the present work was performed at high-vacuum conditions
instead of ultrahigh vacuum as in previous works®*>2®) can
thus be expected to improve the thermoelectric properties of
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Cr;_4Sc,N solid solution films, in line with our theoretical
predictions.

Figure 8 shows the thermal conductivity of selected Cry.
SN (0 <x<1) samples. At 300K, the measured thermal
conductivity k¥ of ScN is 11.0£1W m~! K‘l, similar to
prior TDTR measurements on a sputterred, 306-nm thick
ScN thin film.'"® The measured thermal conductivity x of
CiN is 3.50 0.3 W m~' K~', which is larger than previ-
ously reported x of nearly stoichiometric bulk CrN'®!°
(1.76 W m~' K" and 1.65W m~' K~' for samples with a
grain size of 400 = 100 nm and ~13 nm, respectively) and x
of oxygen-free CrN ceramics® (1.35-2.28 W m~' K~! for
samples with a grain size of ~200nm and a density only
56%—-66% of the density of fully condensed CrN). Since
prior CrN samples were not fully dense due to voids that are
inevitably formed during sintering’® of bulk CrN'®'? and
CrN ceramics,? the prior reported x of CrN is significantly
reduced and limited by the level of voids.

By alloying CrN with ScN, we find that the thermal con-
ductivity of Cr;Sc,N solid solutions at 300K are
270=02W m™' K ' and 230+02W m™ ' K" for
Cro.835¢o.1oN and Crg 545co 46N, respectively, as a result of
phonon-alloy scattering. At 600 K, the thermal conductivity
of CrN, Cr;,Sc,N solid solutions with x=0.12 and
x=0.46, and ScN are 420 03W m™ ' K ', 3.70 £ 0.3 W
m 'K 31£02Wm 'K ', and 122+ 1Wm ' K,
respectively. This is due to the increase of lattice thermal
conductivity Ky, from heat capacity, as well as the increase
of electronic thermal conductivity k. by temperature rise
(~0.2-03Wm 'K ).

According to the power factor and thermal conductivity
results, we can estimate the thermoelectric figure of merit
(ZT) of CrN as ~0.2 and 0.10 and 0.06 for CrgggScq 1oN and
Crg.545¢0 46N, respectively. These numbers should only be
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FIG. 8. Measured out-of-plane thermal conductivity « of selected Cry_Sc,N
films at 300K (squares) and 600K (circles). The measurement uncertainties
are indicated in the main text.
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considered estimates since the measurements are performed
in different orientations (S and ¢ are measured in-plane,
while x is measured out-of-plane). Even for cubic materials,
there will be anisotropy effects in highly oriented (in this
case, epitaxial) films.

The expected substantial reduction in thermal conduc-
tivity due to alloy scattering of phonons is observed for the
solid solutions. The ZT of solid solution samples is, how-
ever, not improved because of the cancellation between ther-
mal conductivity and electrical conductivity. For the sample
Crg.54Sco 46N which has the lowest k, the thermal conductiv-
ity increased by 35% from 300K to 600 K. Thus, although
the electrical conductivity also increased by 35%, high tem-
perature (e.g., 600 K) does not increase ZT.

IV. CONCLUSIONS

We have used density functional theory calculations to
determine the phase stability of Cr;_,Sc,N solid solutions for
thermoelectric applications. Our results predict that if strain
and short-range ordering are considered, the Cry_,Sc,N is
thermodynamically stable in disordered B1 solid solutions at
T =800 °C rather than in the B1-L1; ordered solid solutions
stable at 0 K. The electronic density of states of disordered
Cr_xScN solid solutions indicate a possibility of improve-
ment of power factor due to empty Sc 3d orbital available
for delocalization of Cr 3d electrons giving a decreasing
electrical resistivity with retained Seebeck coefficient in the
Cr-rich regime. On the other hand, the Cr 3d still dominate
in conduction in the Sc-rich regime. This causes an increase
of the Seebeck coefficient for ScN.

CryxScyN thin films were grown on Al,O3(0001).
Structural and chemical composition analyses confirm the
formation of disordered solid solutions as theoretically pre-
dicted. For thermoelectric properties, CrN exhibits a maxi-
mum power factor of 1.7 x 10°Wm~' K2 at 720 K, as a
result of a high electron concentration thermally activated
from N vacancies. In terms of thermoelectric properties of
Cry_4ScyN solid solution thin films, an increase in the abso-
lute value of the Seebeck coefficient is observed for Sc-rich
solid solutions as compared to ScN, despite a relatively high
amount of O impurities, indicating prospects for further
improvements.

SUPPLEMENTARY MATERIAL

See supplementary material for the oxygen incorpora-
tion trend and Hall measurement of the Cr;_ Sc,N thin films,
where 0 <x<1.
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