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ARTICLE INFO ABSTRACT

Dataset link: https://asep.lib.cas.cz/arl-cav/cs/ Tailoring thermoelectric properties of ScN-based materials is of vital importance for their application,
detail-cav_un_epca-0602125-ScN-data/ particularly at high operating temperatures. Here, we report on the thermoelectric properties of the ScN
Keywords: layers deposited on MgO (001) substrates by the DC reactive magnetron sputtering. The microstructure of
Thermoelectricity the produced thin films is examined by X-ray diffraction and atomic force microscopy, while their chemical
Scandium nitride composition and contamination by defects are determined by X-ray photoelectron spectroscopy. The effect of
Thin films temperature on the phonon properties of ScN layers, having implications for their thermoelectric properties, is
Seebeck coefficient explored by Raman spectroscopy. The results of our experiments are confronted with those following from the

first-principles studies. We find that the ScN/MgO(001) layers with twin-domain structure reveal enhanced
thermoelectric properties at elevated temperature as compared to those measured for almost defect- and
domain-free layers, namely, enlarged Seebeck coefficient by about 30% and over two and a half times increased
figure of merit at 800 K. Therefore, structural twin domains in thin ScN film appear to be a simple and rather
stable solution for the improvement of its thermoelectric properties at elevated temperatures.

1. Introduction direct I'—I" gap of about 2.2 eV. ScN, belonging to group III (B) nitride
semiconductors, can overcome some limitations of group III (A) nitride

In the last decades, the search for sustainable clean energy along semiconductors for a variety of applications [19]. This compound is
with the miniaturization of sensors and electronic circuits has stim- extremely sensitive to defects, especially oxygen impurities [19-23]
ulated intense research on thermoelectricity and thermoelectric de- that can be present in a large amount if ScN is not synthesized in pure
vices [1-9]. Such devices are usually employed to convert heat into ultra-high vacuum conditions. A high concentration of charge carriers
electrical energy as well as for energy harvesting from the environment (10'8 — 1022 cm~3) and low electrical resistivity (~300 pQcm) of ScN

and/or harvesting of industrial waste heat [10-12]. Recently, thin lead to its high thermoelectric power factor of 2.5-3.3 W m~1 K~ [13,
films of the transition-metal nitrides (ScN, CrN, ZrN, HfN) [13] as

well as metal/semiconductor multilayers and superlattices based on
epitaxial ZrN/ScN and HfN/ScN [14-18] have drawn much experi-
mental and theoretical interest as they hold considerable promise for
thermoelectric applications.

Among transition-metal nitrides with potential application in ther-
moelectricity, ScN has recently gained considerable attention for its
superior refractory properties enabling its operation at high tempera-
tures. Scandium nitride is a rocksalt-structured, narrow-bandgap n-type
semiconductor with an indirect I' — X energy gap of ~0.9 eV and a

19,24-26]. On the other hand, its high thermal conductivity ranging
between 10 and 12 W m~! K~! at room temperature in thick (~450 nm)
films [27], results in its limited figure of merit (0.2-0.3) [24,26,28].
Such a high thermal conductivity requires reduction to enable the
application of ScN as a thermoelectric material. Thus, ScN has been
a subject of doping by various elements, e.g., Cr, Nb, Mg or Li [29-
32]. This strategy was successful only to some extent, as yielding
smaller thermal conductivity of doped ScN films (~2.2 W m~! K1 for
Sc,_ Nb,N with x = 0.1), led also to deterioration of its electrical
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resistivity and Seebeck coefficient. Recently, the Ar-implanted ScN
films have been shown to exhibit improved Seebeck coefficient (—30 to
—85 uV K1 at 600 K) due to introduced deep acceptor levels reducing
concentration of free carriers [33] as well as strongly lowered thermal
conductivity (3 W m~! K1 at 300 K vs 12 W m~! K! in defect-
free ScN) because of a higher level of scattering by defects, i.e., lower
phonon mean free path. Several experimental studies performed during
the last years on diversely modified ScN showed a large variation in its
thermoelectric properties. A better understanding of the properties of
ScN in the form of film for its potential application as a thermoelectric
material calls for additional investigations that should be carried out for
the almost defect-free ScN films, i.e., containing neither added dopants
nor implanted elements. Therefore, in the present work the ScN layers
deposited on MgO(001) substrates with a thickness of about 1 pm have
been prepared. We managed to obtain two kinds of ScN layers, namely,
the layer without defects, which is here denoted as ScN, and the second
one revealing a twin-domain structure denoted as ScN-T. We examine
the microstructure, vibrational and thermoelectric properties of these
layers not only at room temperature but also at elevated temperatures
up to 800 K. Our experimental research is supported by ab initio
simulations based on the density functional theory (DFT) employed
to explore the thermoelectric properties of an ideal ScN crystal and
changes in its phonon dynamics as a function of temperature via ab
initio molecular dynamics (AIMD).

2. Methodology
2.1. Experimental

The ScN layers were deposited on double-side polished (10 x 10 x
0.5 mm?) MgO (001) substrates in an ultra-high-vacuum (UHV) system
(~10% Pa) by DC reactive magnetron sputtering using a mixture of
Ar (99.9999% pure) and N, (99.9999% pure) discharge with a ratio
of 60/40, respectively. The MgO substrates (001 oriented, 99.95%
purity, from Alineason Materials and Technology) were cleaned using
several steps, first with acetone in an ultrasonic bath, then repeated
with ethanol and blown dry with an N,-gun. The sample holder was
electrically heated first to be degassed at 573 K for 30 min and then
to reach the deposition temperature of 1123 K. Before starting the
deposition process, the substrate was kept for 1 h at the deposition
temperature for the surface reconstruction process. The temperatures
were measured by two thermocouples attached to the sample holder.
The working pressure of 2 Pa was used to sputter ScN from three
Sc targets (NEYCO: Sc 99.9%) of one-inch diameter with measured
contamination of Ta at 0.1%. A sputtering power density of 2.8 W cm~2
was used to deposit films with thicknesses of 800 + 50 nm. The distance
between the targets and the sample holder was fixed at 5 cm. The
thicknesses were measured by a profilometer. Uninterrupted deposition
led to the formation of ScN layers. Conversely, periodic interruption of
one cathode every hour during the deposition process produced ScN-T
layers.

The X-ray diffraction measurements were performed on three differ-
ent diffractometers. We measured high-resolution symmetric reciprocal
space maps (RSMs) on a Bruker D8 DISCOVER diffractometer with
a four-crystal Bartels monochromator and Cu Ke, radiation, high-
resolution 2D-RSMs on a SmartLab SE Multipurpose diffractometer
(Rigaku Corp., Tokyo, Japan) using Cue, radiation and a 2-bounce Ge
(220) monochromator while the # — 20 scans and pole figures were
measured on a PANalytical X’Pert PRO powder diffractometer without
any monochromator.

The composition of the films was investigated using X-ray photo-
electron spectroscopy (XPS) NanoESCA Omicron instrument. A mono
chromatic Al anode K, radiation was used as an X-ray source. The
analyzed spot size was 100 x 300 pm? and several positions on the
sample were probed. The depth profiling process was described in
our previous works [34,35]. Spectra are presented as measured, which
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means that no charge correction was performed. Under these condi-
tions, the binding energy of the N 1s peak measured on the surface
amounts to 396.0 eV and remains in close agreement with the value
reported in other studies [35].

The Raman spectra were recorded in a backscattering and parallel-
polarization (VV) configuration using a Renishaw Raman spectrometer
(System 1000) equipped with Bragg filters. The spectrometer was cali-
brated using the silicon F1 g peak at 520.2 cm~!. An Ar-laser with an
excitation wavelength of 514 nm, power ~10 mW, and spot size of 5 pm
(x 50, NA = 0.55, Olympus microscope objective) was used. The spectra
from ScN and ScN-T were scanned at 10 s per frame, x 5 accumulations,
in a temperature chamber Linkam HFS600E-PB4 stage at temperatures
ranging from 300 to 800 K. The measured phonon modes covered the
range of frequencies of 15-1800 cm™~1.

An atomic force microscope (AFM Dimension ICON, Bruker) was
used to investigate the surface morphology and roughness. The mea-
surements were performed under ambient conditions and images were
obtained in the Peak Force Tapping mode using ScanAsystAir tips with
scan areas of 4.4 x 4.4 pm?,

Electrical resistivity and Seebeck coefficient were measured simulta-
neously using a custom-made instrument which employs the four-probe
method. Platinum electrodes were used as current probes and Pt-
PtRh (type S) thermocouples served both as voltage probes and to
measure the sample temperature and its gradient. Measurements were
performed in a nitrogen atmosphere on samples typically 10 mm long
and 3 mm wide.

We used two techniques to measure thermal effusivity. In the first
one, thermal effusivity in various depths under the sample surface is
determined by a measurement system based on pulsed photothermal
radiometry described in detail elsewhere [36,37]. This technique uses
a pulsed laser to heat the material surface and a fast infrared detector
to observe temperature decrease after the laser pulse impact. From
the temperature decrease with time in the nanosecond time range,
the thermal effusivity in depth of hundreds of nanometers is evalu-
ated. The three-layer 1D model with surface absorption of laser light
without thermal interface resistances between layers is employed, as
described in Ref. [38]. Semitransparency correction is applied accord-
ing to Ref. [37]. In the second technique, thermal conductivities in the
cross-plane direction of the ScN films are measured with a picosecond
thermo-reflectance apparatus (PicoTR, NETZSCH-Gerdtebau GmbH) at
room temperature [39,40]. Before the measurement, a 100 nm-thick
Pt layer is deposited on the films by sputtering. Front-heat front-detect
(FF) configuration is applied to the samples and thermal effusivities of
the films are determined. To calculate the thermal conductivity, the
specific heat capacity and density of the films were assumed to be 846
J kg~1K-1 and 4400 kg m~3, respectively.

2.2. Theoretical

Calculations were performed within the framework of density func-
tional perturbation theory (DFPT) implemented in the QuaNTUM ESPRESSO
(QE) package [41,42]. The Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) exchange-correlation functional [43]
and the projector augmented wave (PAW) pseudopotentials for the
description of the electron-ion interaction were employed. The PAW
pseudopotential with 3 and 5 electrons in valence for Sc and N atoms,
respectively, were adopted from the QE database. A kinetic energy cut-
off of 51 Ry was used for the plane-wave basis set. The DFPT was used
to determine band structures, phonon dispersions, and the electron—
phonon (e-ph) coupling matrix elements on a coarse k and q-point
grids of 12 x 12 x 12 and 4 x 4 x 4, respectively. Subsequently,
the quantities required to evaluate the e-ph self-energy Z:;ph were
interpolated on significantly finer 48%-k and 163-q grids via rr{aximally
localized Wannier functions formalism implemented in the electron—
phonon Wannier (EPW) package [44-46]. Assuming that the major
scattering mechanism is due to the (e-ph) interaction, the scattering



J. More-Chevalier et al.

rates can be expressed in terms of an effective transport phonon fre-
quency distribution alzrk(w)F(w) [47], which was calculated using the
EPW code. The e-e scattering has been neglected as being usually
significantly smaller in comparison with that arising from the e-ph
mechanism [48,49]. Hence, in the present consideration the calculated
resistivity p(T), which is determined in the scattering time approx-
imation is related solely to the scattering of electrons by phonons.
Also, the computed electronic contribution to thermal conductivity k, is
approximated by k,_,;, and determined via the Wiedemann-Franz law
from the electrical conductivity o(T), which is an inverse of p(T). The
lattice thermal conductivity k; contains contributions from acoustic
k;, and optical k;, phonons, ie., k;, = k;, + k;,. The k;, was
estimated using the semi-empirical Slack model [50,51], while the &k,
was evaluated according to the approach proposed by Cahill [52,53].
Detailed formulas are given in the Appendix A. To calculate the Seebeck
coefficient the Borrzrrar2 code has been applied [54].

To study the temperature evolution of the ScN Raman spectra, the
AIMD simulations within the isothermal-isobaric (NpT) and canonical
(NVT) ensembles were performed using the Vienna As INiTio Sivura-
TioN Package (VASP) [55,56]. Here, also the PAW and PBE exchange-
correlation potential were adopted to describe electron—ion interaction.
The energy cutoff of 520 eV for the plane wave expansion was applied.
Calculations were carried out at the I'-point for the system consisting
of 216 atoms in a cubic supercell. The system was heated from 300
to 800 K with a temperature step of 100 K in the NpT ensemble
during 20 ps and subsequently equilibrated at each temperature for
10 ps. The Langevin thermostat was used to control the temperature
during the NpT simulations. The shape constraints for the volume
fluctuations experienced under Parinello-Rahman dynamics were im-
posed. Production runs were carried out within the NVT scheme for
20 ps. The temperature was controlled by the Nosé-Hoover thermostat.
To compare the results of our AIMD simulations with the measured
Raman spectra, the power spectra of the autocorrelation function Gy (w)
were projected onto the I'-point of the cubic Fm3m structure of ScN.
Details of the formalism and applied procedure are provided and widely
discussed in the pertinent literature [57,58].

3. Results and discussion
3.1. X-ray diffraction

Symmetric (black curve) and skew-symmetric (red and blue curves)
0 — 20 scans of the ScN-T films deposited at 1123 K on MgO (001)
substrates are shown in Fig. 1. Peaks marked with (*) and (**) cor-
respond to the Cu K, reflections from the MgO substrate and ScN-T
layer, respectively. The symmetric and skew-symmetric 6 — 260 scans of
the ScN films are presented in Fig. S1 (supplementary information). No
difference between diffraction patterns measured for both samples is
observed. The ScN films show a unique reflection at y = 0°, being due
to the 002 orientation which corresponds to the 002 grains epitaxially
grown cube-on-cube with respect to the MgO substrates. Similar results
have been reported for the ScN films deposited on MgO by different
PVD techniques [19,21,24,59-61].

Fig. 2 shows the pole figures of the 002, 022, and 111 orientations
of the ScN-T and ScN layers. The center of the 002 pole figure displayed
in Fig. 2(a) corresponds to the main 002 orientation peak in ScN-T. Like
in our previous work dealing with the ScN films [23], the eight spots
at y ~ 48° and four at y ~ 70° come from four twin domains grown on
the 111 twinning planes of the 002-oriented grains. Each twin domain
produces three poles (the poles generated by one of those domains have
been marked with red circles). Beyond the four intense spots, which are
expected for the epitaxial films due to the 001 orientation in a cubic
structure, the four extra poles arising from the twins are observed in the
pole figures of the 022 and 111 orientations that are shown in Fig. 2(b)
and Fig. 2(c), respectively.
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The reciprocal space maps (RSM) and the 2D reciprocal space map
(2D-RSM) of the ScN-T films are depicted in Fig. 3. For comparison, the
RSM and 2D-RSM of the ScN layer are given in Fig. S2 (Supplementary
information). The FWHM values of the 002 peak are equal to K,,(002)
= 0.364° and K,,(002) = 0.596°. The 2D-RSM shows the different peak

positions as well as the peaks from twins in the 111 planes.
3.2. Atomic force microscopy

The images of the ScN-T film surface obtained from the atomic force
microscopy confirm the film crystallization that we have observed using
X-ray diffraction. Additionally, they reveal two kinds of morphologies
mixed in the entire ScN-T surface, as shown in Fig. 4. The first surface,
which is shown in Fig. 4(a) is composed of grains with square shapes,
while the second one, depicted in Fig. 4(b), consists of grains with 3D-
pyramidal shapes. In comparison to the ScN-T film surface, the almost
defect-free ScN film surface presents only square shape morphologies
equivalent to the one shown in Fig. 4(a).

The flat surface made of square-shaped grains corresponds to the
surface for the ScN films oriented 001, whereas the surface presenting
isosceles-pyramidal-shape grains reflects 3 surfaces from the family 001
coming from the disoriented crystals through the twinning effect in the
111 planes. The grains with an isosceles-pyramidal shape are rotated by
90° relative to each other, confirming the results from XRD pole figure
measurements visible in Fig. 2(a). The measured values of root mean
square (RMS) surface roughness amount to 1.4 nm and 93.1 nm for the
surface with square shapes and the surface exhibiting 3D-pyramidal-
shaped grains, respectively. For comparison, the AFM image of the ScN
films is given in supplementary information, Fig. S3. We also note that
the formation of a mound structure is a characteristic and very common
feature of the ScN as well as other nitride films [21,25,30,59,62,63].
It is connected with the effect of adatom mobility on a film surface
ascribed to the presence of defects, which limits the down-step motion
of atoms due to the Ehrlich-Schwoebel barrier and favors the uphill
migration on terraces [30,64-66]. In the present work, intentional
interruptions of one of the cathodes during the ScN-T layer deposition
modify the energy landscape for adatoms. This disruption prevents
the complete overcoming of the Ehrlich-Schwoebel barrier, leading
to the formation of twin domains. As evidenced by X-ray diffraction,
the absence of equilateral 3D pyramidal grains characteristic of 111-
oriented grains on the mound structures of ScN-T layers confirms the
lack of such grains within the layer.

3.3. XPS spectra

Measured XPS spectra of ScN films are displayed in Fig. 5. The
presence of all expected elements, O, Sc, N and C, on the surface is
confirmed. Based on high-resolution spectra, it is clear that the surface
composition corresponds to Sc nitride, Sc oxide and airborne carbon
contamination. After the Ar+ depth profiling sputtering, a highly pure
ScN material is observed. Carbon contamination disappears and the
proportion of oxides is significantly lower; the oxygen concentration
in the bulk of the material is below 2.0% atomic. Further, there is a Sc
2p peak broadening and Ar ion implantation as a result of sputtering-
induced damage. In summary, in agreement with our previous studies,
XPS results confirm surface composition typical for an air-exposed
ScN and a high quality of produced ScN films [35]. As regards XPS
measurements, there are no apparent differences between the ScN and
the ScN-T films.

3.4. Raman spectroscopy

Fig. 6 shows the Raman spectra of ScN and ScN-T measured at
the VV polarization and temperatures ranging from 298 to 800 K. In
general, the spectra are very similar to those determined in our previous
study [23] as well as consistent with the reported Raman spectra of
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Fig. 4. The AFM images from the ScN-T surfaces. (a) Surface formed by square shapes, (b) surface formed by triangle 3D-pyramidal shapes. The arrows denote rotated grains.
The RMS values of 1.4 nm and 93.1 nm are measured for surfaces shown in (a) and (b), respectively.
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epitaxial ScN layers [67-69]. The main Raman spectrum measured
at each temperature covers the energy range extending from 300 to
800 cm~!, while an additional shallow peak observed above 800 cm™!
represents the second-order Raman effect.

The Raman spectra of both ScN and ScN-T consist of two, weakly
separated broad bands extending between 300 and 550 cm~! and from
550 to 800 cm~!. The lower band is mainly composed of the transverse
optical (TO) phonons, whereas the longitudinal optical (LO) modes
gather in the upper band. In fact, defect-free ScN should exhibit no
Raman-active modes due to symmetry reasons as each atom occupies a
site of inversion symmetry. On the other hand, any perturbation and
lowering of a local symmetry of the system, which results from the
presence of point or extended defects, can lead to the appearance of

additional phonon modes, including those Raman or infrared-active.
Indeed, the experimental spectra of vacancy-containing, Al- and Ti- or
Mg-doped ScN with low content of defects confirm the existence of
the Raman modes in this system [23,67-69]. Additional confirmation
comes from our AIMD simulations, as illustrated in Fig. 7, which
provides temperature behavior of the autocorrelation function power
spectra projected onto the Brillouin zone center of the Fm3m symmetry
ScN crystal.

Although the calculated spectra are obtained for defect-free ScN,
the local symmetry of our cubic ScN supercell is no longer of Fm3m
since the simulations were performed without symmetry constraints
imposed on the atomic positions. Therefore, one observes quite broad
lower and upper bands, alike in the measured Raman spectra of ScN
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and ScN-T. These broad bands indicate substantial distribution of the
Raman phonons. Actually, both lower and upper spectral bands feature
a double-peak structure, which is clearly visible below 500 K in the
simulated spectra and it smears out at higher temperatures. The double-
peak structure remains, however, less pronounced in the experimental
spectra. Nevertheless, the measured spectra of ScN and ScN-T could
be fit with four Gaussian profiles, as shown in Fig. S4 and Fig. S5
(Supplementary information). For each temperature, the positions of
particular peaks resulting from fits are shown in Fig. 8 as well as they
are collected in Table S1 and Table S2 (Supplementary information).
The peaks from the lower band in ScN, denoted as (1) and (2),
that arise mostly from the TO phonons, shift their positions downward,
i.e., to lower frequencies with increasing temperature T, whereas a
slight upward shift is observed for the higher frequency peak (4)
belonging to the upper band. Despite some deviation in the vicinity of
500 K, the peak (3) from the upper band practically does not change its
position (within the experimental error) with increased T. On the other
hand, the behavior of peaks’ positions as a function of temperature in
ScN-T remains not so clear as in ScN. Only peak (4) tends to increase
its position upward, but there is no general trend in the temperature
behavior of the remaining peaks, except for a small jump in frequency
at 500 K. The observed fluctuations in positions of peaks in ScN-T may
result from local microstresses generated by twin domains, while the
difference in the respective peaks’ shifts between ScN and ScN-T is

likely due to much higher concentration of structural defects in ScN-
T, which are responsible for the formation of twin domains, as already
discussed in the previous sections.

The AIMD simulations also produce shifting of peaks with heating
the ScN system, as illustrated in Fig. 9. We observe an almost linear
decrease in frequencies of the w,, w,, w;, and w, peaks, albeit with
different rates.

The origin of a shift in peak position with temperature, i.e., the
change of a phonon frequency, can be manifold. Mostly these are
the anharmonic interactions that affect the lattice vibrations. They
are responsible not only for the modification of a phonon frequency
but also for influencing its lifetime and intensity. Here we limit our
consideration to a qualitative description of the effect of tempera-
ture on the changes in frequencies of the Raman-active phonons. In
principle, the frequency shift of the normal modes with temperature
at constant pressure arises from thermal expansion of the lattice A
and pure temperature contribution (phonon-phonon coupling) 4,, the
latter being due to cubic 4® and quartic 4®) anharmonicities (three-
and four-phonon couplings). Therefore, the temperature dependence of
frequency can be written as [70-72]: o(T) = wy + A + 4,4, where @,
is the harmonic frequency. In most solids 4 < 0, i.e., lattice dilation
results in mode softening (red shift). The 4; can be evaluated from the
following expression:

T
[oN [exp <—3y/ a(T)dT) — 1] (@D)]
0

Ay = A9 + 4D,

Ap

with @y, 7;, and a(T) denoting respectively the harmonic frequency,
Griineisen parameter for the optical Raman mode, and the coefficient
of linear thermal expansion. The frequency shifts A®) and A® arise from
the phonon—phonon interactions due to the lowest-order cubic and
quartic terms in the interaction potential. The multi-phonon processes
associated with the A® usually give rise to a negative frequency shift
(4% < 0), whereas the shift A® resulting from the quartic anharmonic-
ity can be either positive or negative [73]. Hence, the overall frequency
shift may be either positive or negative, depending on the relative
magnitudes of the anharmonic terms in the interatomic potentials and
the term following from thermal expansion (volume change).

The simulated Raman spectra that are shown in Fig. 7 contain both
Ap and A, terms. The contributions 4® and A® appear, however,
to be dominated by the thermal expansion term Ay, which drives
continuous red shift of the optical phonons in ScN, as depicted in
Fig. 9. The observed softening of w,, w,, w3, and w, modes follows
the temperature behavior of Ay predicted for particular peaks, as
indicated by the straight dashed lines in Fig. 9. The respective Ay
shifts were obtained according to Eq. (1), with calculated Griineisen
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parameters for the optical Raman modes and by applying the calculated
linear thermal expansion coefficient of 7.92 x 10~® K1, determined as
a(T) = %ﬂ(T), where B(T) stands for the volumetric thermal expansion
coefficient p(T) = %% derived from the NpT simulations. We note
the close correspondence between the calculated «(T) and the reported
experimental value of 6.61 — 7.98 x 107 K~! [74,75]. Alike the shifts
resulting from the AIMD simulations, the experimental peaks (1) and
(2) from the lower frequency band in ScN seem to exhibit similar trends
in their position shifts with temperature. Quite the opposite effect is,
however, noticed for the peaks (3) and (4) from the upper-frequency
band. The former maintains its position almost on the constant level,
while the latter one experiences a slight, but visible increase in its
frequency (blue shift) with the increasing temperature. Thus, it is
likely that the intrinsic anharmonicity due to the quartic term could
be indeed strong for the highest phonon frequency band in ScN as
it overcomes the sum of 4® and 4 g terms. Similarly, the peak (4)
in ScN-T reveals a blue shift with temperature, indicating that, also
in the twinned-ScN, the quartic anharmonicity plays a significant role
in the phonon-phonon interaction, especially among modes with the
highest frequencies. It also seems that the interplay between the quartic
and cubic contributions in 4, and the thermal expansion term Ag
in ScN-T takes place, and hence the shifts of peaks (1)-(3) do not

show straightforward behavior with increasing temperature. In fact,
the effect of hardening (blue shift) of the Raman-active phonons as
a function of temperature has been less commonly reported [76-78]
than the softening (red shift) of such modes [79-84]. The observed
blue shift has, however, been assigned to some other effects rather
than directly to the anharmonicity of lattice vibrations [76,77]. In
both ScN and ScN-T, the higher terms in anharmonicity, i.e., at least
a positive quartic term seems to dominate at elevated temperatures for
the highest-frequency phonons, suppressing contributions from thermal
expansion and the lowest-order cubic term in the interatomic potential.

The temperature evolution of the Raman peak intensities in both
ScN and ScN-T follows a typical trend, i.e., a decrease in the intensities
of peaks with increased temperature. The Raman scattering intensity
is proportional to the population difference between the ground and
excited vibrational states, the latter being governed by the Boltzmann
distribution function. The population difference decreases as temper-
ature increases and this leads to the reduction of the Raman peaks’
intensities. An additional factor lowering intensities of the Raman peaks
can be correlated with the increase of the absorption light in ScN, which
reduces the number of excited phonon modes [79,80]. Such observation
has already been made for V,05, WO;, and MoO;. In these oxides
the closer the absorption band edge of material to the laser frequency
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and the weaker the metal-oxygen bonds, the more meaningful the
effect of temperature on the intensity of the Raman spectra [80]. Its
band gap (~2.25 eV) lies quite close to the laser incident energy of
514 nm (2.41 eV), which is used in the present Raman spectroscopy
experiments, and this facilitates a resonance effect contributing to the
Raman intensity of each phonon mode [79]. This effect decreases upon
increased temperature due to a larger deviation of the transition energy
from the photon energy of the laser light, which results in a lower
number of excitonic transitions. This finally leads to reduced intensity
of the scattered radiation.

3.5. Thermoelectric properties

The Seebeck coefficient and resistivity for ScN and ScN-T layers
determined in the present experiments along with the results of calcu-
lations carried out for ScN are shown in Fig. 10. One notices that both
computed temperature dependencies of the Seebeck coefficient and
resistivity in ScN remain in close agreement with the measured data.
The Seebeck coefficient in ScN varies between —30 and —64 pV K1
in ScN, while it is considerably lower in the ScN-T layer, spanning the
range from —50 to —82 pV K~! over the temperatures between 300 and
800 K. The resistivity in ScN and ScN-T layers increases as a function
of increasing temperature, which indicates that both systems behave as
semimetals. The resistivity ranges from 0.21 to 0.39 mQ cm in ScN and
from 0.45 to 0.89 mQ cm in ScN-T. Hence, the resistivity in the twinned
ScN layer is nearly twice as big as that in the almost defect-free ScN
layer.

The thermal conductivity measured at room temperature amounts
to 10.06 and 2.85 W m~! K~! for ScN and ScN-T, respectively. Again,
we find an exceptionally good agreement between the experimental and
calculated (10.48 W m~! K~!) thermal conductivity in ScN at room
temperature. The calculated thermal conductivity decreases by about
40% in the temperature range of 300 - 800 K, as shown in Fig. 11.
The present theoretical study allows us to analyze in more detail the
electronic (k,) and lattice/phonon (k;) contributions to the overall
thermal conductivity (k), especially their temperature dependence. The
resulting evolution of k, and k; with temperature is depicted in the
inset of Fig. 11. We find the phonon term to be about two times
higher than the electronic term at room temperature. The k; decreases,
while the k, increases with temperature. The k; is the major term
in the thermal conductivity up to 500 K, but at higher temperatures,
the electronic contribution k, becomes a dominating term in the heat
transfer of ScN. It is also interesting to note that k; is governed by
the acoustic phonons, as the contribution from the optical modes is
nearly three orders of magnitude smaller in the entire temperature
range covered by our theoretical calculations.

We should also mention that the values of Seebeck coefficient, resis-
tivity, and thermal conductivity of ScN determined in our experimental

1 1 -0 T T T T
- 8.0 [ T T T T ]
' = 70k s
N !\\ & 7.0 _\\ l;e M
P \ T 60F .
S 100 - \\\ e L \.\ -
% N E sor \\.‘ ‘__,____-0'-"?
> \\ S A0 e .
= “a - - S
=] L ~, _é) 3.0 - B
g 9.0 \\\ 2.0 [ 1 1 1 1 3
el S .
c See 300 400 500 600 700 800
8 e T (K)
g sof el '
@ i
ﬁ Ty

7-0 1 1 1 1

300 400 500 600 700 800

Temperature (K)

Fig. 11. Calculated temperature dependence of thermal conductivity in ScN. Inset:
electronic and lattice contributions to thermal conductivity in ScN.

and theoretical investigations generally correspond to those reported by
other studies [19,26,31,33]. The Seebeck coefficient of ScN ranges be-
tween —20 and —40 pV K~! at room temperature and between —40 and
—160 pV K1 at 800 K. The room temperature resistivity of ScN varies
between 0.1 and 1.8 mQ cm, while the room temperature thermal
conductivity of ScN lies in the range 8-12.5 W m~! K2, Even though
stronger Seebeck coefficient at 800 K (—170 pV K~1), lower electrical
conductivity (~500 — 1500 Scm~!) as compared to that reported in the
present work (~5000 Scm~!), and higher thermal conductivity (~15
W m~! K1) are sometimes encountered in the literature [24,25,28,32].
Such a spread in the quantities determining thermoelectric properties of
ScN can arise from the contamination of samples by a higher amount
of oxygen than in our case (~1 — 2%), nitrogen vacancies as well as
high-level doping of the scandium sublattice with various elements. All
those defects modify the thermoelectric properties of the ScN layers.
In particular, oxygen plays an important role as an electron donor, and
hence the O-impurities, especially when in high concentration, improve
electrical conductivity, and reduce the Seebeck coefficient and thermal
conductivity of the ScN films by lowering the k; term.

Finally, we discuss thermoelectric efficiency to convert heat to
electricity, which is governed by the dimensionless figure of merit
ZT = 86T /k, where S, o, k, and T stand for the Seebeck coefficient,
electrical conductivity, thermal conductivity, and temperature, respec-
tively. In fact, the experimentally determined temperature evolution of
ZT, which is shown in Fig. 12, is its lower limit, as the value of k has
been measured only at room temperature.
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Theoretical temperature dependence of ZT, which is also included
in Fig. 12 does not have such limitation, however, to compare with
the present experiments the calculated lower limit of ZT is provided as
well. Despite some agreement between the calculated and experimental
lower limit of ZT in the vicinity of room temperature, the theoretical
lower limit of ZT underestimates experimental ZT at elevated temper-
atures. The experimental lower limit of ZT is approximated better by
the calculated real ZT up to about 600 K. At still higher temperatures,
the lower limit of ZT obtained with the constant value of experimental
thermal conductivity measured at room temperature is not sufficient
and such approximation suffers from underestimation of real ZT. Of
course, the higher the temperature the bigger the discrepancy. Never-
theless, the determined values of the lower limit of ZT (0.01-0.03) lie
in the range usually reported for ScN films [19,24,28,32,33,85]. The
ScN-T layer reveals much higher ZT than the ScN layer, which arises
predominantly from the presence of twin domains. They lead to a de-
crease in thermal conductivity, presumably by suppressing the acoustic
phonon propagation, and by lowering the electronic conductivity and
enhancing the Seebeck coefficient due to twin domain boundaries.

4. Summary and conclusions

We have undertaken an examination of the microstructural features,
dynamical and thermoelectric properties of the ScN/MgO(001) layers
produced by the DC reactive magnetron sputtering. In particular, the
effect of twin domains on the aforementioned properties of ScN films
has been explored. Twin domains were observed in pole figures grow-
ing on the 111 twinning planes of the 002-oriented grains. A substantial
difference in thermoelectric properties between almost defect-free ScN
and that with twin domains is found. Twin domains in the ScN layer
give rise to: (i) an increased figure of merit (until at 800 K), (ii) an
increased Seebeck coefficient (from —64 to —82 pV K~1 at 800 K), and
(iii) reduced thermal conductivity (from 10.06 to 2.85 W m~! K~ at
300 K). Thus, a clear improvement in global thermoelectric properties
of the ScN films with twin domains is perceived. In both defect-free
ScN and that containing twin domains, the quartic anharmonicity of
the interatomic potentials is present and reflected by the temperature
behavior of their high-frequency optical phonon modes, as revealed
by the Raman spectroscopy studies. The results of present research
performed on thin ScN epitaxial layers suggest that structural domains
can be a rather simple and stable solution enhancing thermoelectric
properties of materials in the form of films.
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Appendix A. Formulas to obtain resistivity and thermal conduc-
tivity of ScN

The scattering rates are evaluated according to Ref. [47]

1
(k,T)

1 A /oo ho a?, (@) F(w) p A1)
— =4z w, .
(k,T) d o (exp(fhw) —1)(1 — exp(—phw))
where g = ﬁ and atzrk(w)F (w) stands for the effective transport

phonon frequency distribution computed by the EPW package. In the
scattering time approximation, the resistivity p(T) can be obtained as:

m 1
po(T) = 2 <r(k, 3 > (A.2)

where m is the electron mass, e denotes its charge, and » is the number
of free charge carriers per unit volume. The bracket (---) indicates an
average over the Fermi surface. The p(T') is used to calculate electrical
conductivity o(T) = p(T)~' and subsequently the electronic contribu-
tion to the thermal conductivity k, from the Wiedemann-Franz law
ke=kepn=LooT, with Ly =% (%B )2 =244x10"% W QK2 denoting
the Lorentz number.
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The contribution to the lattice thermal conductivity from acoustic
phonons k, , is calculated according to the Slack model and it takes on
the following form [50,51]:

@a
kio(T) = k1a(0,)— (A.3)
1
(kO \ kgMV3
kr.(©,) = A <T> h—yf (GR)
3
_ 0.849 x 3¢/4 As5)

T 2073(1 - 0.514y 1 +0.228y72)

where y,, M, and V are the overall Griineisen parameter for acoustic
phonon modes, the average atomic mass, and the unit cell volume, re-
spectively. The O, stands for the so-called acoustic Debye temperature,
which is related to the Debye temperature © via the relationship:
e, = n_%@D, with n denoting the number of atoms per unit cell.
The O, is obtained by considering only the acoustic phonon modes,
i.e., under the assumption that the optical phonons do not contribute
to heat transport [86]. The @, is derived from the second moment of
the calculated phonon spectrum (y?) [87]:

I
e, = V3 (/4 ) (A.6)
2
’ fco g(w)dw
=L =27 (A.7)
<ﬂ > fg(a))dw

where g(w) is the computed density of phonon states over the acoustic
range. The factor % is introduced to comply with the observed 7!
behavior of the thermal conductivity at temperatures above © . The y,
is the weighted average of the (k, j) mode-specific Griineisen parame-
ters y(k, j), where the weighting factors C) (k, j) are the contributions
of individual acoustic (k, j) modes to the heat capacity. The following
expressions apply:

Y, 7 NCy (k. )

a — N (AS)
’ T, Cr k)
L dmek)) V. dok))

A T 2 " S 7 (A.9)

The contribution to the lattice thermal conductivity from optical
phonons k;, is obtained according to the Cahill model [52,53], which is
based on the Einstein random walk with the lifetime of each oscillator
T= a—’i, i.e., one half the period of vibration. The k;, resulting from the
random walk between such localized excitations can be expressed as:

1 2 re/T 3,x
_(E\3 A2 T x“e
b= (§) M E U‘(@h«) ./0 -1 (10
h 2t
0, =y (—) (67°N)3, (a11)
kB

where the sum runs over the three sound modes (two transverse and
one longitudinal) with speeds of sound v;. The N and O, denote,
respectively, the number density of atoms and the cutoff frequency for
each polarization (expressed in degrees Kelvin).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apsadv.2024.100674.

Data availability

The data as well as the figures are available through the following
link https://asep.lib.cas.cz/arl-cav/cs/detail-cav_un_epca-0602125-ScN-
data/.
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