Open Access Article. Published on 03 December 2025. Downloaded on 4/23/2026 1:52:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
Journal of OF CHEMISTRY

™
Materials Chemistry A -

View Article Online

View Journal | View Issue,

Strain engineering of ScN thin films and its effect on

{'.) Check for updates‘
optical, electrical, and thermoelectric properties

Cite this: J. Mater. Chem. A, 2026, 14,
1666
Arnaud le Febvrier, &2 *2 Sanath Kumar Honnali, 22 Charlotte Poterie, (2

Tiago V. Fernandes, (22 Robert Frost, {2 ¢ Vladyslav Rogoz, Martin Magnuson,®

Fabien Giovannelli,® Joaquim P. Leitdo, €2 Jean Francois Barbot® and Per Eklund (@

Scandium nitride (ScN) is a cubic NaCl-structured, degenerate, narrow-bandgap, n-type semiconductor
that exhibits remarkable semiconducting, thermoelectric and plasmonic properties. However, its
properties are sensitive to several types of defects, such as crystal defects, morphology, intentional or
unintentional doping. For the purpose of reducing the deposition temperature of ScN, a series of films
were deposited in the temperature range of 250-850 °C using a high-power impulse magnetron
sputtering technique. While the stoichiometry and crystal structure remained unaffected in the sample
series, the optical and electrical properties were affected when the temperature was decreased. Using
in-depth XRD, optical and electrical characterizations, the effect of strain and dislocations on the
semiconductor properties of SCN was evaluated. A reduction in the deposition temperature from 850 °C
to 450 °C yielded a slow change in the electrical and optical properties, while a drastic change occurred
for the films deposited below 450 °C. The main cause of the deterioration of the electrical transport
properties (¢/10 000; n/100, and w/100) was attributed to a high dislocation density (10 cm™2) along
with a rhombohedral distortion of the ScN cell («: 90° — 88.6°), which was the main cause of the
variation in the electrical transport. The presence of dislocations/crystal defects in the film generated
defect states near the edges of the valence and conduction bands, softening the edges and impacting
the electron density and mobility. The best thermoelectric properties of SCN were obtained when it was
grown at 850 °C and were further modified and altered by strain engineering.
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effect. The thermoelectric performance is defined by the figure
of merit:

1 Introduction

Scandium nitride is a transition metal nitride exhibiting
remarkable semiconducting phonon-polariton, electrical, and
piezoelectric applications.™* ScN also serves as a seed layer in
the semiconductor industry for enhancing the performance of

S%o
ZT = —T 1
(Ke ¥ Kl) ()

where S is the Seebeck coefficient, ¢ is the resistivity, k. is the

GaN devices used in metal/semiconductor superlattices.> In
the last few decades, scandium nitride and its derivatives that
are used for solid solutions, doping, and superlattices have
been investigated for their promising thermoelectric
properties.®™ Thermoelectric materials allow for the direct
conversion of thermal energy into electricity using the Seebeck
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electronic component of the thermal conductivity, «; is the
lattice component of the thermal conductivity and T is the
absolute temperature.’> An improvement of the figure of merit
often arises from a reduction of the thermal conductivity while
maintaining favorable electrical transport properties via maxi-
mizing the thermoelectric (TE) power factor (Sa).

Scandium nitride (ScN) is a NaCl-structured, degenerate,
narrow-bandgap, n-type semiconductor with an indirect
bandgap of ~0.9 eV and a direct bandgap estimated at around
2.6 eV. The electrical and thermoelectric properties of this
material are sensitive to defects, such as crystal defects,
morphological changes, intentional or unintentional doping. As
an example, its electrical conductivity can vary between 4 x 10°
and 5 x 10° S em ™% its carrier concentration varies from 10'° to
10%* em3;7**" and its carrier mobility can vary between 0.2 to
150 cm” V! s71.7111335 Similarly, its thermoelectric properties
also vary greatly. In the best case, it is a promising
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thermoelectric material. Studies have reported thermoelectric
properties with Seebeck coefficients of —40 and —70 pv K" at
300 K*™* and maximal TE power factors between 0.1 and 2
mW m~ ' K ? at room temperature, with larger values up to 3.5
mW m ' K2 at higher temperatures (400-600 °©C).7*-1113:16
These values can be compared with those of PbTe and Bi,Te3,
which are benchmark thermoelectric materials that have power
factors reaching up to 2.0 mW m~ ' K> at 250-550 °C*” and 4.5
mW m " K 2 around 100 °C," respectively.

ScN thin films can be deposited using reactive magnetron
sputtering®'*>**?® or molecular beam epitaxy.>”** Of these
techniques, magnetron sputtering is the most often used for
growing ScN and is widely used for applications in hard coat-
ings to the semiconductor industry. One of the common ways of
growing ScN films is by reactive direct current magnetron
sputtering (dcMS) at high-deposition temperatures.®***>
However, in recent years, pulsed magnetron discharges, such as
high-power impulse magnetron sputtering (HiPIMS), have
typically been used for modifying the film morphology, crys-
tallographic orientation, and stress, and to control defects in
functional thin films such as CrN, AIN, and AIScN.?*">*

HiPIMS enables ionization of the sputtered species by an
electron-impact ionization process, where the average energy of
the ionized species is in the range of a few tens of ev.”* This is in
contrast to neutral metallic flux, which is thermalized (1-3 eV),
as observed in deMS.*® This highly ionized and energetic metal
ion flux has been the key tool for reducing the growth temper-
ature, while providing sufficient energy for the adatoms to
promote the crystallization of the materials, which is equivalent
to growing films at high temperatures.?”*® Reducing the depo-
sition temperature is of interest from technological aspects,
such as the use of polymeric substrates or for complex, layer-
stacked growth, where the underlying layers are temperature
sensitive. These properties are highly attractive for growing
dense nitride, oxide, or carbide thin films for various applica-
tions, such as hard coatings, optical reflectors, diffusion barrier
coatings, and metastable oxide layers.>*>

The composition of the films grown in the reactive HiPIMS
process is generally better controlled by choosing the process
point from the shape of the discharge peak current.*® This
enhances the reproducibility of stoichiometric films; however,
non-stoichiometric films are often reported (under the same
discharge and reactive gas conditions) with dc discharges due to
resputtering, target poisoning effects and reactivity towards the
metal ion.*** Since HiPIMS allows for the growth of dense
films, it is possible to minimize the incorporation of contami-
nants, which is otherwise observed in films deposited with
a less energetic discharge, such as dcMS.** However, there are
a few drawbacks of using HiPIMS discharges, such as a low-
deposition rate and high residual stress in the films.**® The
residual stress generated in the HiPIMS-grown films is attrib-
uted to the generation of point defects as well as compositional
and morphological changes. The stress can be a significant
factor for hard-coating applications, where the higher
mechanical strength could be due to strain-induced hardening
or from the films being harder than those of the same material
grown by other techniques.*

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

The stress and strain levels present in the synthesized film
are often overlooked properties for the thermoelectric applica-
tion of semiconducting thin films, but they are necessary for
understanding their impact on electrical properties. In the
present study, we examine the reduction in the deposition
temperature of a degenerate ScN semiconductor, which is
usually grown at temperatures higher than 800 °C.******> ScN
was chosen for the following reasons: (i) the high temperature
needed for its synthesis, (ii) its original optical properties, (iii)
its promising properties for thermoelectricity, and (iv) its elec-
trical and thermoelectric properties are highly sensitive to
external factors. We focus on the impact of temperature on the
generated stress/strain in the film, and consequently on its
physical properties. The variation in the optical, electrical, and
thermoelectric properties is discussed in connection with
detailed structural and composition analyses.

2 Experimental details
2.1 Material synthesis

The ScN, films were grown by reactive magnetron sputtering in
an ultra-high vacuum chamber (base pressure ~10~ Pa).* The
depositions were done in a single unbalanced magnetron
configuration to increase the ion assistance and eliminate the
magnetic cross-coupling of the plasma present in a tilted
closed-field configuration with four magnetrons.** The magne-
tron assembly with a scandium (Sc) target of 50.8 mm (2-inch
diameter, 99.95% purity, Mateck) was situated ~14 cm away at
an angle of 30° from the normal of the substrate. The target was
sputtered in a mixed Ar/N, atmosphere at a constant deposition
pressure of 0.33 Pa (2 mTorr) with a constant N, and Ar flow rate
at 15 sccm (~33%) and 30 sccm, respectively. The deposition
time was kept constant at 75 min for all the depositions, which
yielded a film thickness in the range of 220-260 nm. Prior to
each deposition, the target was sputter-cleaned for 5 min in Ar
atmosphere at ~0.2 Pa (1.5 mTorr).

The films were deposited using a unipolar HiPIMS at an
average constant power of 110 W. The unipolar HiPIMS pulses
were generated by a HiPSTER 1 unit (Ionautics AB, Sweden) with
a 50 pus pulse width (7,,). The pulsing frequency was adjusted
between 540-610 Hz to maintain a target peak current I, of ~21
A. The N, flow ratio of 33% was selected based on the triangular
shape of the I,y, which indicated an operation under a poisoned
mode.*® The films were grown on two-sided polished, c¢-plane
cut sapphire and on SiO, (200 nm)/Si(100) substrates with
a dimension of 10 mm x 10 mm x 0.5 mm. The substrates
were ultrasonically cleaned in acetone and ethanol for 10
minutes and blown dry with nitrogen (N,) gas. During deposi-
tion, the substrates were electrically floating (Vigoar = —25 V)
under a constant rotation of 15 rpm with no substrate etching.
The substrate temperature (7s) was fixed at different tempera-
tures from 250 to 850 °C.

2.2 Material characterization

The elemental composition of the films was measured by time-
of-flight elastic recoil detection analysis (ToF-ERDA). The
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measurements were carried out using a Pelletron Tandem
accelerator (5 MV NEC-5SDH-2) at the Tandem Laboratory,
Uppsala University, Sweden.”” The measurements were con-
ducted using a 36 MeV primary iodine ion (**’1**) beam. The
angle of the incident beam relative to the target surface normal
was 67.5°, while a ToF-telescope and a gas ionization detector
were placed at 45° relative to the direction of the incident beam.
The depth profile of the elemental composition was acquired
from the ToF-ERDA time and energy coincidence spectra using
the Potku (version 2.2) code.**

X-ray diffraction (XRD) measurements were performed on
a PANalytical X'Pert PRO diffractometer in a Bragg-Brentano (6-
26) geometry, with Cu Ko (A = 1.540598 A) radiation and a Ni
filter. The recorded 26 range was 10-90° with a step size of
0.008° and an equivalent time per step of 19 s using the PIXcel
1D detector. The film thickness, density and roughness were
estimated by X-ray reflectivity (XRR), which was performed
using a Philips X'Pert MRD diffractometer equipped with an X-
ray mirror with a 1/32° slit as the incident optics and a parallel
plate collimator (0.18°) with a detector. Pole figures were
acquired with a polycapillary with crossed slits (4 mm?) as the
primary optics and a parallel plate collimator (0.18°) with a flat
diffracted beam monochromator as the secondary optics with
a proportional Xe1 detector. Reciprocal space maps (RSM) of the
symmetric 111 peak and the asymmetric 113 peak of ScN were
acquired on the same type of diffractometer equipped with
a hybrid mirror as the primary optics and a PiXcel*" detector for
fast acquisition with no particular optics for the receiving
optics.

The XPS data were obtained using an Axis Ultra DLD
instrument from Kratos Analytical (UK) with a base pressure of
1.1 x 10~° Torr (1.5 x 10~7 Pa) during spectra acquisition and
monochromatic Al K, radiation (kv = 1486.6 eV). The anode
power was set to 150 W. Prior to analyses, all samples were
sputter-cleaned with a 0.5 keV Ar' ion beam incident at an angle
of 20° from the surface and rastered over an area of 3 x 3 mm”.
All spectra were collected from an area of 0.3 x 0.7 mm? and at
a normal emission angle using a low-energy electron gun to
compensate for sample charging. The analyzer pass energy was
set to 20 eV, which resulted in a full width at half maximum
(FWHM) of 0.55 eV for the Ag 3ds,, peak. The XPS data were
treated using KolXPD 1.8 fitting software. Peak fitting was per-
formed after applying a Shirley background and the following
restrictions: (i) fixed Gauss-Lorentzian peak profiles were used
to model the different components in Sc 2p; (ii) the spin-orbital
splitting of the Sc 2p peak was respected for all different
components with an intensity ratio fixed between the 2p;/,, and
2p1s» peaks and (iii) the relative distance between the Sc 2ps,
and Sc 2p,/, peaks was fixed at 4.39 eV; (iv) three components
were used to model the Sc 2p peak with a nitride component, an
oxynitride component, and a substoichiometric ScN;_;
component at a lower binding energy; (v) fixed Gauss Lorentzian
peak profiles were used to model the N 1s peak using one
nitride component with a fixed FWHM of 1 eV and an oxynitride
component at a higher binding energy with an energy separa-
tion between the different components of 1.25 eV.
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Transmittance measurements were carried out using
a Bruker Vertex 80v Fourier-transform infrared (FTIR) spec-
trometer equipped with Si and InGaAs detectors. Each sample
was positioned perpendicularly to the optical beam path
between the light emission of a VIS-NIR source and the detec-
tors at room temperature under ambient atmosphere. The
transmitted light through each sample was measured, and the
light source's emission spectrum was obtained independently
beforehand. The transmittance spectra were then automatically
obtained by normalizing the transmitted light to the emission
spectrum of the light source.

The in-plane electrical conductivity o(7), charge carrier
concentration n(7) and the mobility u(7) were measured using
an ECOPIA HMS-5500 which combines the van der Pauw
method with the Hall effect. The high-temperature setup was
used for the temperature-dependent measurements between
300 to 500 K, ensuring operation below the lowest deposition
temperature. In the case of the room-temperature measure-
ments, a cryostat setup was used. The mobility (u) was calcu-

0300 K
N300 Kk X €
elementary charge. A constant magnetic field of 0.580 T was
applied for the Hall measurements. The in-plane Seebeck
coefficient was measured under a low-pressure (0.9 atm) helium
atmosphere using a ULVAC-RIKO ZEM3 system from 50 °C (323
K) up to a maximum temperature of 225 °C (498 K), corre-
sponding to a temperature below the lowest deposition
temperature.

To test the recovery and the temperature stability of the film
deposited at the lowest temperature, a post-annealing test was
conducted at 1300 °C for 10 min in a purpose-built lamp
furnace under a vacuum of 5 x 10° Pa.

First-principles calculations were performed within the
framework of density functional theory (DFT) using the Vienna
Ab initio Simulation Package (VASP).**** The projector
augmented-wave (PAW) method* was employed to treat core-
valence interactions, and a plane-wave energy cutoff of 700 eV
was used. To investigate the effect of lattice distortion on the
electronic properties of scandium nitride (ScN), the conven-
tional face-centered cubic unit cell was transformed into
a reduced Niggli cell. The transformation included a small
angular distortion of 1.4°, resulting in a monoclinic cell
oriented along the space diagonal of the conventional cubic cell.
This approach allows for symmetry breaking, removes degen-
eracies and band folding in the electronic structure, thereby
enabling a more accurate analysis of bandgap changes due to
structural distortions. For the exchange-correlation functional,
the HSE06 screened hybrid functional*’*® was applied to accu-
rately describe the electronic band structure and the bandgap of
ScN. The HSE06 method includes 25% of the short-range Har-
tree-Fock exchange mixed with 75% of the PBE exchange, and
uses a screening parameter of 0.2 A~". This hybrid approach
was essential for capturing the correct magnitude and trends of
the bandgap, which are underestimated by conventional func-
tionals, such as GGA or GGA + U. In particular, the bandgap
response to structural distortion was found to be highly
dependent on the choice of the functional, with GGA + U

lated using ¢ and n using psg x = , where e is the

This journal is © The Royal Society of Chemistry 2026
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proving insufficient for reliably describing the system. The use
of HSE06 was therefore critical, albeit at a higher computational
cost. For the band structure calculations using HSE06, an
explicit list of 106 k-points was applied with the reduced cubic
ScN Niggli unit cell comprising one Sc and one N atom.

3 Results

3.1 Composition

Table 1 lists the elemental composition of the films determined
by ToF-ERDA along with the base pressure in the UHV chamber
at the deposition temperatures. All the films contained a level of
contamination (O, F, C) at the detection limit of ToF-ERDA.
Regardless of the deposition temperature and substrate, all
the films had a close-to-stoichiometry composition within the
error bar (Table 1 and S1 for the films deposited on the SiO, (200
nm)/Si substrate). The ToF-ERDA elemental depth profiles also
confirm that the SiO, layer initially present on the Si substrate
was thick enough to electrically insulate the films from the
substrate and remained intact even at the highest substrate
temperature of 850 °C (Fig. S1). In this study, these results show
that HiPIMS allowed for a better control over the growth of the
stoichiometric ScN, which was achieved even at low tempera-
tures; these results are in contrast with those of the commonly
used dcMS, which can lead to different N/Sc ratios and oxygen
contamination in the film when grown at different 75.%1%*154%5°

The results of the XPS analysis (Fig. S2, SI) show that the
samples in the series were relatively similar to each other in
terms of their compositions, core level signatures and valence
band signature. Only minor variations can be reported, such as
the shift of +0.2 eV of the nitride component in the Sc 2p;,, core
level, as well as the small increase of one of the valence features
(hybridization of N 2p-Sc 3d) at 5.6 eV, which occurred when the
deposition temperature was increased to 850 °C.

3.2 Structural characterization

The X-ray reflectivity analysis performed on the two series of
samples revealed the presence of a 3-4 nm thin oxide layer at
the top of the film (refer to Fig. S2 and Table S2 in the SI for
further details).

Fig. 1 displays the Bragg-Brentano XRD pattern acquired for
the series of films deposited on the c-sapphire at different
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Fig. 1 (a) —26 XRD patterns of the ScN films deposited at different
temperatures on c-plane sapphire. (b) Temperature-dependence of
the out-of-plane (111) lattice distance determined from deconvolution
of two XRD peaks at Ts = 400 °C. A filled symbol corresponds to the
intense XRD peaks and an open symbol corresponds to the shoulder
peak at a higher angle. Vertical dashed lines correspond to XRD
scattering angles of the bulk ScN taken from ICDD 03-065-6286. The
006 AlL,Os peak is marked with a * symbol.

Table 1 Elemental composition determined by ToF-ERDA for the series of ScN, films deposited at different temperatures on a c-sapphire
substrate. Base pressure at T in the UHV chamber is mentioned for each deposited film

Composition (+0.5 at%)

T (°C) Base pressure at T, (x10~7 Pa) Sc N (o) F C N/Sc ratio (£0.02)
250 1.7 49.2 49.5 0.77 0.23 0.14 1.01
350 2.0 50.3 48.6 0.6 0.19 0.20 0.97
400 1.7 50.2 48.6 0.6 0.16 0.18 0.97
450 2.3 49.5 49.0 0.9 0.17 0.14 0.99
550 2.3 49.3 49.8 0.55 0.14 0.19 1.01
650 3.5 49.4 49.6 0.62 0.24 0.24 1.00
750 4.8 49.8 49.4 0.54 0.07 0.08 0.99
850 30.6 48.9 50.3 0.52 0.11 0.08 1.03

This journal is © The Royal Society of Chemistry 2026
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substrate temperatures (7). Fig. 1b displays the evolution of the
out-of-plane lattice distance versus the deposition temperature.
Note that two XRD peaks were deconvoluted from the XRD
pattern for the low-temperature-deposited films (75 = 400 °C);
they are represented by a filled symbol for the most intense peak
and an open symbol for the shoulder XRD peak at a higher
angle.

For the films deposited on c-sapphire, only the substrate
peaks at 41° and peaks from the (111) family of NaCl-B1 (ScN)
were observed, revealing highly oriented films. Upon increasing
T, above 450 °C, the following was observed: (i) d,; decreased
from 2.62 A to 2.61 A; (ii) the peaks became narrower; and (iii)
the intensity of the diffraction peak increased, indicating
a higher crystallinity and better orientation of the grains along
the growth direction. At Ty = 400 °C, the peak asymmetry was
distinguishable, with deconvolution revealing the possible
presence of two diffraction peaks whose corresponding lattice
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distances increased monotonically up to values of around 2.66 A
after a reduction of T,. Except for the lowest deposition
temperatures (75 =< 400 °C), the measured d;4, lattice distance
values of ScN compared well with the bulk values recorded at
2.62 A2 For Si0O,(200 nm)/Si, similar observations on the
evolution of the lattice distance and the asymmetry of the peak
at lower temperatures were made (refer to Fig. S3 and the SI for
further details).

A more in-depth analysis of the film orientation was con-
ducted through pole figure measurements and reciprocal space
mapping (RSM). The representative measurements of the pole
figures are presented in the SI (Fig. S4). The major difference
between the substrates was their film orientation. The films
deposited on the c-plane sapphire were (111) epitaxial, while the
ones deposited on SiO, (200 nm)/Si were (111) or (100) fiber-
textured depending on Ts. These differences are commonly
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Fig. 2 Reciprocal space map (RSM) of (a and b) the 111 symmetrical peak along with the 006 substrate peak and (c and d) the 113 asymmetric
peak measured on the films deposited at (a and c¢) 250 and (b and d) 850 °C.
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observed in the literature for NaCl-B1 structured materials
deposited on those two substrates.*'>3>

Fig. 2 shows the typical 111 symmetrical and 113 asymmet-
rical peaks of the ScN films deposited on the c-sapphire for the
lowest and highest deposition temperatures. Clear differences
were observed in the shape and position of the diffraction peak,
where a high temperature led to a high crystal quality with no
small mosaicity, indicated by the narrow spread of the peak.
Low deposition temperatures led to a reduction of the crystal
quality and a larger mosaicity of the ScN films. More details on
the analysis and the extracted data from all the films are listed
in the SI (Table S3). Note that the shape of the asymmetric RSM
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diffraction spot was relatively circular or ellipsoidal, with no
tail, revealing that there was no strain evolution in the film,
which could have originated from the film/substrate interface.

Fig. 3 displays the summary of the RSM results, showing the
evolution of the structure of ScN and strain versus its deposition
temperature. Several characteristics of the structure of ScN were
extracted from the RSM, such as the cell angles, cell parameters,
mosaicity, the out-of-plane lattice distance, the in-plane lattice
distance, and the related strain (¢). A clear deviation from an
angle of 90° in the cubic system was observed in the series of
films (Fig. 3a). The measured cell angle decreased from 89.9° to
88.6° at T, = 250 °C. After the deposition temperature decreased
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Fig. 3 Evolution versus the deposition temperature of the extracted: (a) cell angle and lattice parameters; (b) lateral (§)) and out-of-plane
coherence length (£ | ), and mosaicity with w-FWHM of the asymmetric 113 reflection; (c) in-plane and out-of-plane lattice distance; (d) lateral (e)))
and out-of-plane (e | ) strain calculated considering a non-deformed cubic cell (« = g =y = 90°); and (e) extracted upper limit of total dislocation
density. The grey zone represents the temperature region for which the cell underwent a pronounced increase in the in-plane strain/

deformation.
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from 850 to 450 °C, the corresponding calculated cell parameter
gradually increased from 4.518 A to 4.540 A until a sudden
increase to a maximum value of 4.62 A at T, = 250 °C. For
comparison, the bulk unstressed values for ScN has been re-
ported as 4.501 A%

The mosaicity of the (111) orientation (Fig. 3b), given quali-
tatively by the evolution of the w-scan full width at half
maximum (Aw - FWHM) measured in a symmetrical position,
increased when the deposition temperature decreased from Ty
= 850 °C (Aw — FWHM = 0.4°) to a maximum for Ty =< 550 °C
(Aw — FWHM = 2°).

The extracted £ ;| was reduced monotonically from 150 nm to
values below 50 nm when the deposition temperature was
reduced from 850 to 250 °C (Fig. 3b). Similarly, the lateral length
(&) with relatively high values around 100 nm for deposition at
850 °C was reduced to values below 20 nm for the films
deposited at the lowest temperature.

Fig. 3d displays the calculated strain, considering a relaxed
cubic system with its three angles at 90°. The out-of-plane (¢ )
strain remained low (0% to +0.3%), while the in-plane (¢)) strain
increased gradually from —0.6% to 1.2% when T was reduced
from 850 to 450 °C with a maximum strain at 75 = 650 °C with
a —1.6% strain value. Below T < 450 °C and after a reduction of
the deposition temperature, £, increased to +0.4% and ¢
increased gradually from —1% to —4%.

The peak broadening along the rocking-curve direction on
the 113 RSM was primarily attributed to the mosaic spread of
the single-crystal blocks within the ScN layer. This peak width
(Aw) can also be used to estimate an upper limit for the total
dislocation density, pp (Fig. 3e), with the following formulae,
assuming uncorrelated (randomly distributed) dislocations:****

_ Aw? (2)
D= 2 x b
AdseN
b= 3
2 G)

where Aw is the peak width in the rocking curve direction for
113 and b is the Burgers vector along the close-packed <110>
direction in ScN. The upper limit of the dislocation density that
can be present in the film increased when the films were
deposited at lower temperatures. At the highest deposition
temperature, the total dislocation density was close to 10
em 2 and increased slowly to 10'" for the films deposited at
650 °C. For T < 650 °C, the values tended to saturate at a total
density slightly above 2 x 10'> m~>. The presence of disloca-
tions in a material is a signature of its strain release or defor-
mation. In the present case, when the temperature was reduced
from 850 to 550 °C, the dislocation density increased and
consequently the in-plane strain remained relatively constant
and was minimized for those samples. However, for tempera-
tures lower than 450 °C, the dislocation density seemed to have
become saturated, while the in-plane strain drastically
increased. This observation likely reveals that the ScN material
reached a saturation limit of its dislocation density before
undergoing a structural deformation and yielding in-plane
strain in the films.
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3.3 Optical characterization

The light absorption as a function of the photon energy
provides valuable information about the electronic energy
structure in semiconductor materials. Fig. 4a displays the
photographs of the films showing the drastic changes in their
visual aspects as the growth temperature was reduced. The
transmittance spectra were acquired in the 0.5-3.0 eV range
(Fig. S6 in the SI) and were used to extract the absorption
coefficient («) of the spectra. For more details on the treatment
of the transmittance data refer to the SI. The absorption coef-
ficient can be used to estimate the optical bandgap (Eg op) of
semiconductors,***” based on the Tauc equation given by:

(aE)r =FE - Eg,opl [4)

where E is the photon energy and r is a constant that depends
on the nature of the electronic transitions involved in the
absorption. Particularly, r takes the value of 2 for allowed direct
transitions and 0.5 for allowed indirect transitions.*® Fig. 4b
presents the case when r is set to 2. No evidence for significant
absorption, due to the indirect bandgap located at around
0.9 eV, was found (refer to the SI). For clarity, only the Tauc plots
of the samples grown at 850 °C and 250 °C are shown. The value
of Ey.pne was determined by the tangent method and corre-
sponded to an energy where (aE)* = 0. E, o, was then plotted as
a function of the deposition temperature, as presented in
Fig. 4c. Fig. 4b further evidences a region of the sub-bandgap
absorption, which was considerably more pronounced for the
sample grown at 250 °C. This absorption potentially originated
from two distinct mechanisms: the indirect bandgap (~0.9 eV)
and/or the defect-induced electronic states. While the indirect
transitions are allowed via phonon assistance, they are unlikely
to change significantly with moderate variations of the growth
conditions. In contrast, the growth-induced defects can intro-
duce energy levels inside the bandgap, enabling a stronger sub-
bandgap absorption.*® A sufficiently high density of electronic
levels close to the band edges gives rise to tails of the electronic
states that extend into the bandgap.

The absorption related to the sub-bandgap electronic states
can be studied using Urbach's expression,®* which relates the
absorption coefficient («) to the incident photon energy (E) in
the following equation:

(5)

E — E; op
Ey

a=aw exp<

where «, is a fitting parameter and Ey is an energy parameter
(Urbach energy), which is related to the slope of the band-
related absorption edge and determines the width of the elec-
tronic states' tails that penetrate the bandgap.®** Additionally,
this value is an indicator of the fluctuating potentials present
along the semiconductor and is reflected in the fluctuations of
the edges of the conduction and valence bands.®*** The high-
energy applicability limit of eqn (5) is given by Eg o + 2 Ey.*®
Fig. 4d shows the absorption coefficient («) as a function of
photon energy (E) for the samples grown at 850 °C and 250 °C.
The oscillations in the spectra, more pronounced in the quasi-
transparent region, are compatible with optical interference

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Photographs of the films deposited on c-sapphire at different temperatures displaying a variation in color noticeable by the naked eye;

(b) Tauc plots of («F)? as a function of photon energy (£) for the samples grown at 850 °C (in orange) and 250 °C (in black); the dashed lines
represent the tangents; (c) extracted values of the optical bandgap (E4 opd) and Urbach energy (Ey) as a function of deposition temperature; the
grey zone represents the temperature region for which the cell underwent a pronounced increase in the in-plane strain/deformation; (d)
absorption coefficient («) as a function of photon energy (E) for the samples grown at 850 °C and 250 °C; the dashed lines represent a direct fit of
egn (5) to the data; and (e) comparison between all the direct fits of eqn (5) performed to the measured «(E).

effects arising from internal reflections inside the films with
thicknesses in the range 200-270 nm. Acknowledging the
presence of interference is crucial, as neglecting it can lead to
erroneous interpretations of the results. To estimate Ey, the
measured «(E) data (not shown in the figure) were fitted with
eqn (5) in the range 1.05 to 2.35 eV for all samples. The presence
of interference oscillations did not affect the fit, as confirmed by
an envelope-fit method, which provided similar Ey values (refer
to Fig. S7, S8 and Table S4 in the SI). Fig. 4e shows the curve
resulting from the direct fits, which reflect the width of the
electronic states' tails that penetrated the bandgap for each
sample. Reducing the growth temperature caused a notable
increase in the tail's width, which led to stronger absorption in
the sub-bandgap region.

The extracted Ey values along with E, ., as a function of the
deposition temperature are presented in Fig. 4c. The direct
bandgap and Urbach energies suffered drastic changes with
a decreased deposition temperature. In particular, the Urbach
energy became clearly higher for temperatures below 450 °C.

This journal is © The Royal Society of Chemistry 2026

The Urbach energy is associated with the degree of thermal
and structural disorder in a material. Accordingly, Ey can be
considered the sum of two distinct contributions: Fy = Er + Es,
where Er represents the thermal disorder ascribed to the
thermal excitation of phonons, and Es corresponds to the static
structural disorder, and is related to the density of defects.®*~*
Given that all samples in this study were measured at the same
temperature, Et is assumed to be similar across all samples.
Such an assumption was first proposed by Cody.*® Therefore,
the observed variations in Ey were ascribed to differences in the
structural disorder between the samples, offering valuable
information regarding the presence, and distribution of the
energy of the defect-related electronic states in the sub-bandgap
region.®>%

A detailed analysis of the transmittance measurements
revealed that reducing the growth temperature led to a signifi-
cant increase in the defect density of the ScN thin films
deposited by HiPIMS. Particularly, it was observed that
decreasing the growth temperature from 850 °C to 250 °C
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resulted in an increase of approximately 280 meV in the Ey and
a simultaneous reduction of about 80 meV in the optical
bandgap. This behavior is consistent with a defect-induced
renormalization of the bandgap caused by the increase in the
density of states related to the electronic states in the sub-
bandgap region that penetrated into the bandgap, effectively
narrowing it.*” It must be noted that the high Ey values obtained
in this study are compatible with the presence of the electro-

static fluctuating potentials along the semiconductor.®>**

3.4 Electrical and thermoelectric properties

Fig. 5 displays the temperature-dependent electrical and ther-
moelectric properties of the films deposited on the c-sapphire
substrate. Three different behaviors were observed for the
temperature dependence of electrical conductivity (Fig. 5a). The
films deposited at high-deposition temperatures (7s = 650 °C)
exhibited typical metallic behavior and the electrical conduc-
tivity of the material was reduced with temperature. This
behavior is commonly observed for a fully degenerate semi-
conductor and ScN materials, with values of the electrical
conductivity varying between 4 x 10° and 5 x
10° S cm 1711335 The films deposited at low-deposition
temperatures (T; = 450 °C) exhibited typical semiconductor
behavior with electrical conductivities that increased with
temperature. Intermediate-growth temperatures led to films
exhibiting electrical conductivities that were relatively constant
over the large range of the measured temperatures. Overall, the
electrical conductivities of the films were drastically reduced at
values below 2000-3000 S cm™ " when the deposition tempera-
ture was below 650 °C and metallic behavior was no longer
present.

The absolute Seebeck coefficient values of ScN exhibited
a typical temperature-dependent behavior, which increased
with an increase in the measurement temperature (Fig. 5b). The
absolute Seebeck coefficient values increased progressively
from 60 to 220 pV K (at 320 K) when the growth temperature
of the film was reduced, and they inversely evolved with the
electrical conductivity trend.

The TE power factor was clearly dominated by the evolution
of the electrical conductivity in the series of samples. The
reduction of the electrical conductivity in the series of samples
was too large to be compensated by the increase in the absolute
Seebeck coefficient needed to maintain a decent TE power
factor. The films that exhibited the maximum thermoelectric
power factor were the ones deposited at 750 and 850 °C with
a power factor around 1.25 mW m ™' K2 at 320 K to over 2.0 mW
m ' K ? at 500 K.

Further electrical characterizations were performed for
determining the carrier concentration and Hall mobility near
room temperature (Fig. 6). The comparison of the electrical
properties obtained on the c-sapphire with the second series of
samples deposited on the SiO, (200 nm)/Si substrates are pre-
sented in the SI (Fig. S9).

For the films deposited on the c-sapphire, the electrical
conductivities of those films varied from 3000-4000 down to
0.1-1 S cm™ " (Fig. 6a). The carrier concentration remained
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relatively the same around 4 x 10*° cm ™ when T, was =550 °C
and it was gradually reduced to 2 x 10"® cm ™ when the growth
temperature was reduced to 250 °C. The carrier mobility evolved
in a similar fashion as the carrier density after a decrease in the
growth temperatures, with values decreasing from 50 to 0.2 cm?*
v's7! (Fig. 6¢).

Similarly, the absolute value of the Seebeck coefficient
remained constant around —50 to —60 pV K~ " before it drastically
increased to a maximum of —225 uV K~ ' when deposition was at
the lowest temperature. For the films deposited at high

This journal is © The Royal Society of Chemistry 2026
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Room-temperature electrical and thermoelectric properties of the films deposited on c-sapphire versus either the deposition

temperature (a, ¢ and e) or the total dislocation density (b, d and f); (a and b) electrical conductivity; (c and d) Hall carrier concentration and
mobility; and (e and f) Seebeck coefficient and TE power factor. The dashed lines provide a visual guide for the trend in the series of samples, and
the grey zones represent the temperature interval for which the cell underwent a pronounced increase in the in-plane strain/deformation.

temperatures, the resulting power factor was relatively high, with
values around 1.3 mW m~"' K> For the films grown at lower
temperatures, even with larger values of the absolute Seebeck
coefficient, the reduction of the electrical conductivity was too
large, yielding a lower power factor below 0.01 mW m™" K2,
The variation of electrical properties can be investigated
from a deformation and dislocation point of view (Fig. 6b, d and
f). The thermoelectric properties of ScN seemed to have
degraded slowly when the total number of dislocations
increased from 10'° to 10" cm™2, while above 10'* cm™2 these
properties degraded rapidly, completely deteriorating the ther-
moelectric performance of the ScN films. This correlates well
with the measured strain (Fig. 3), where the films with the
maximum strain above the saturated dislocation density level

This journal is © The Royal Society of Chemistry 2026

(represented in the grey area in Fig. 6) also had the poorest TE
properties with the lowest power factor.

On the SiO, (200 nm)/Si substrate (Fig. S9), the overall elec-
trical and thermoelectric properties of the films behaved simi-
larly to the ones observed on the c-sapphire. The thermoelectric
performances of the films deposited on the SiO, (200 nm)/Si
substrate was relatively larger than the ones deposited on the
c-sapphire, exhibiting similar degradation when the growth
temperature was reduced. For example, the TE power factors of
the films deposited on the SiO, (200 nm)/Si substrate were 50%
larger than the ones on the c¢-sapphire due to their larger See-
beck coefficient values, and the trend was the same on both
substrates with a reduction of 100% when the growth temper-
ature was reduced from 850 to 550 °C (Fig. S9d).
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Post-annealing treatments were performed on the two
extreme cases (lowest and highest T5) to evaluate the stability of
the defects created by HiPIMS (further details are described in
Fig. S10 and Table S5 in the SI). The room-temperature elec-
trical properties were investigated for both films after they were
annealed at 1300 °C for 10 min. The film deposited at T5 = 850 °
C did not undergo significant changes after high-temperature
annealing. However, the film initially deposited at 250 °C
underwent drastic changes to resemble the film initially
deposited at Ty = 850 °C after high-temperature annealing. The
color of the ScN was completely restored to its red/orange color,
and the electrical properties more closely resembled the ones
measured initially on the as-deposited film at 850 °C (Table S3).
These findings support the hypothesis that the film deposited at
low temperatures by HiPIMS contains a large density of defects,
which (i) seem to originate from the residual stress and create
dislocations and distortions in the cubic ScN material, (ii)
deteriorate the electrical and thermoelectric properties of the
degenerate semiconductor, and (iii) can be completely elimi-
nated after a high-temperature annealing step.

4 Discussion

The thermoelectric properties of ScN seem to have been affected
by the deposition temperature of the films. In this present case,
no variations were detected for the film compositions, and in
the XPS signature of ScN regardless of Ts. Nevertheless, T had
a significant effect on strain, and dislocation formation in the
films. The HiPIMS-induced energetic ion bombardment during
deposition often led to the creation of residual strain. In the
case of ScN, the residual strain impacted the electrical transport
and thermoelectric properties of the final films, leading to
overall degradation of the degenerate semiconductor. The
variation in the electrical transport and thermoelectric proper-
ties seems to be interdependent on the carrier concentration,
given the parabolic band, energy-independent scattering
approximation, which is valid for metals and degenerate
semiconductors:'***

87c2kp? wr (TN
T 3ek? " <§) (®)
and
0 = nue (7)

where 7 is the carrier concentration, m* is the effective mass, o
the electrical conductivity and u the carrier mobility. Indeed,
when the deposition temperature was decreased, there was
a decrease in the charge carrier concentration, yielding an
increase of the absolute Seebeck coefficient and a simultaneous
decrease in the electrical conductivity (Fig. 6).

Several parameters could have potentially caused a reduction
of the carrier concentration that occurred when the temperature
was reduced. In ScN, the thermoelectric properties can be
affected by the stoichiometry of ScN, oxygen contamination, the
orientation of the film, the residual stress, and point defects. In
the present case, the film composition and orientation did not
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change with T and are excluded from further discussion herein
as their impact was minimal. The parameters that had a major
impact were the residual strain and related consequences from
the creation of dislocations, possible point defects, and lattice
distortion. The RSM analysis of the films revealed that there was
a higher dislocation density when the temperature decreased to
the saturation level obtained for T, < 450 °C. Below that
temperature, an overall distortion of the cell occurred, resulting
in a rhombohedral distortion of the cubic cell (¢« =8 =y # 90,
and a = b = ¢). An increase of stress in the films would have
caused the formation of dislocations that maintained the
structural integrity of the materials. The formation of disloca-
tions occurred in the series of films to minimize strain and the
deformation of the cell to a point (75 = 450 °C). Below that
temperature, the materials cannot sustain the strain levels and
no further dislocations were created, but rather distortions of
the materials occurred. This was further corroborated by the
significant decrease in carrier mobility, indicating that the
defects, particularly dislocations, altered the hierarchy of the
scattering mechanisms, with these defects clearly dominating
carrier scattering at low-deposition temperatures.

The theoretical DFT calculations were performed to retrieve
the electronic band structure of the unstressed ScN and the
distorted, experimentally measured ScN that was grown at the
lowest temperature. A visual representation of those electronic
band structures is presented in the SI (Fig. S11). The electronic
band structure obtained for the unstressed ScN was similar to
values reported in the literature®"* with an indirect bandgap
estimated at 0.827 eV between the X-I' points and the direct
bandgaps estimated at 3.5 eV at the I" point and 1.9 eV at the X
point (Fig. S11). The electronic band structure of the distorted
ScN was computed using the experimental values obtained from
the RSM analysis (a = b = ¢ = 4.62 A; a = § = v = 88.6°) (Fig. S9).
A simple rhombohedral distortion would not have drastically
changed the band structure of ScN, but should have rather
yielded a small increase of 0.1 eV for the direct bandgaps. Those
theoretical calculations, which considered a simple rhombo-
hedral distortion of the cell, seemed to not correlate with the
experimental data, where a reduction of 0.1 eV for the optical
bandgap was observed and the film became more insulating
when grown at low temperature.

From the optical transmission measurements, a decrease of
the bandgap was observed along with an increase in the Urbach
energy for the films deposited at T < 450 °C. This increase in the
Urbach energy strongly reflected the increase of the absorption
tail into the bandgap. This shows that electronic transitions
involving defect states in the bandgap near the edges of the
valence band and conduction bands occurred. As the growth
temperature was reduced, the Urbach energy increased, and
hence, the increase of the density of the electronic states near
the band edges was compatible with a higher density of defects
(dislocations and point defects), which was more pronounced
when the films were under a high level of residual strain.

The high values of Ey; are an indicator of lattice disorder, which
consequently led to the poor electrical properties, where the free-
carrier mobility as well as the concentration of free charge carriers
were drastically reduced. Defect-related electronic levels seemed to

This journal is © The Royal Society of Chemistry 2026
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have been induced near the valence or conduction band edges,
contributing to the bandgap narrowing, the creation of trap levels,
and a reduction in the concentration of free charge carriers, ulti-
mately affecting/degrading the thermoelectric performance of the
ScN films. The lattice disorder responsible for high Ey; was clearly
identified here by the creation of crystal defects including: dislo-
cations, lattice distortion that occurred during film growth and its
dominance at low temperatures (75 < 450 °C). However, the
presence of point defects cannot be entirely excluded and can play
a similar role as the other crystal defects in the creation of trap
levels near the bandgap. In the present series of samples, two
regimes can be identified: (i) a “dislocation” regime and (ii)
a “strain/distortion” regime, with a small and a large effect,
respectively, on the optical and electric properties. From the point
of view of thermoelectric applications, and for ScN, a sharpening
of the band tails is desirable since it lowers trap densities as well as
deep recombination centers.

The energetic metal ion bombardment by HiPIMS has been
utilized as a great tool for reducing the growth temperature. In this
present case, the use of HiPIMS allowed the deposition of ScN
films with the right stoichiometry, low oxygen contamination and
a relatively high crystalline quality even at low growth tempera-
tures. However, the films grown at low-deposition temperatures (7
< 450 °C) exhibited a relatively high strain level, which was
observable in the overall cell deformation and high dislocation
density. These defects and stress level yielded a deterioration of the
thermoelectric properties of the films.

The mechanism we propose for explaining the observed
changes of the thermoelectric properties due to HiPIMS-
induced defects is as follows: all the films in this study were
grown at a Vyoq (the energy of the ions bombarding the growing
film surface) value of around ~25 eV for the singly charged
metal and gas ions, and it was ~50 eV for the doubly charged
ions (mostly Sc** and Ar*"), which are typically at lower
percentages compared to the singly charged ions. The addition
of metal ions to the gas ion flux (for the dcMS-growth) enhanced
the probability of defect formation as the lattice displacement
energy thresholds for most transition metal nitrides are within
20-50 eV.”” At higher deposition temperatures, the thermal
energy assisted in annihilating the defects created by the
energetic ion bombardment in the films. Therefore, similar
thermoelectric performances of the HiPIMS-grown ScN films as
that of the deMS- grown films at equivalent temperatures (700-
900 °C) were obtained.

At lower growth temperatures, the thermal energy was
insufficient for removing the defects higher dislocation density
and deformation (Fig. 3), hence it did not have an important
impact on the electrical and thermoelectric properties.
However, its ability to maintain the film stoichiometry at any
growth temperature gives HiPIMS an advantage over the
conventional decMS method, where obtaining a N/Sc ratio close
to unity is not necessarily easy.****'>”* The negative impact of
the stress/strain generated in HiPIMS-grown ScN at low
temperatures can be mitigated by selective metal-ion irradia-
tion. This would provide the ability to tailor the strain levels and
would be the key to the successful growth of degenerate semi-
conductors at low temperature using HiPIMS.

This journal is © The Royal Society of Chemistry 2026
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5 Conclusion

In conclusion, in the series of ScN films grown at different
temperatures, different stages of defects and strain were achieved
for ScN, while the composition of the film was maintained close to
stoichiometry. The structural variations of the films led to various
changes in the properties of the films, highlighting the sensitivity
of ScN to structural and point defects. ScN exhibited degenerate
semiconductor behavior with high-performance thermoelectric
properties compared to a more classical semiconductor behavior
and poor thermoelectric properties. These differences were
explained by the presence of crystal defects (dislocations and point
defects) in the films, which created defect states near the edges of
the valence and conduction bands that impacted the electron
density and mobility, and ultimately the correlated electrical
transport and thermoelectric properties. The use of high-power
impulse magnetron sputtering and more energetic adatoms
when growing the films allowed for the control of the electrical and
optical properties of the films through strain/defect engineering.
These findings highlight the significance of strain in influencing
thermoelectric properties, suggesting that it can serve as a pathway
for enhancing the thermoelectric properties of other materials or
more complex thin film configurations. This study also highlights
the high potential of HiPIMS, which can be further used and
optimized to control the density of defects created in films and/or
reduce the growth temperature with minimum defect densities,
while maintaining the degenerate semiconducting properties of
ScN.
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