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Development of semiconducting ScN
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Since the 1960s advances in electronic and optoelectronic device technologies have been primarily orches-
trated by III-V semiconductors, which have led to an age of consumer electronic devices with unprecedented
social and economic impacts. Group III-V semiconductors such as GaAs, GaN, InAs, and GaP and their solid
solution alloys are not only the building blocks of modern solid-state lighting, photodetectors, sensors, and
high-speed power-electronic and optoelectronic devices, they have also been actively researched and developed
for over six decades to understand and innovate fundamental materials science, physics, and device engineering
properties. Yet there is a widespread realization today that contemporary grand challenges of our society such as
energy efficient electronics and computing, secure information processing, energy security, imaging, sensing,
etc., require more advanced materials and better device integration technologies. At the same time, several
important device technologies of the modern era such as thermoelectricity that converts waste heat into electrical
energy, plasmonic materials, and devices that could be utilized to harvest optical energy in solar photovoltaics,
solar thermophotovoltaics, photocatalysis, etc., also require materials and heterostructure metamaterials that are
not possible to achieve with traditional III-V semiconductors. Scandium nitride (ScN) is a group 3 rocksalt nitride
semiconductor, which can overcome some of the limitations of traditional III-V semiconductors, and could lead
to novel device functionalities. However, unlike other well-known III-V semiconductors, very little attention has
been devoted to understand and engineer ScN’s physical properties until very recently. In this research update,
we detail the progress that has taken place over the last several years to overcome the materials engineering
challenges for high-quality epitaxial ScN thin-film growth, analysis of its physical properties, and epitaxial
integration of ScN with other rocksalt metallic nitrides. Along with the attractive physical properties common
to most transition-metal nitrides such as high hardness, large melting temperature, and chemical, thermal,
and morphological stability, ScN also exhibits rocksalt crystal structure with octahedral bonding coordination,
indirect band gap, preferential n-type and p-type doping, and the ability to epitaxially integrate with other
metallic materials (such as TiN, ZrN, HfN, etc.) to deposit single-crystalline epitaxial metal/semiconductor
multilayers and superlattices without the presence of extended defects. All of these advances could lead to ScN
based materials and devices with improved efficiencies and industrial applications.
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I. INTRODUCTION

Advances in electronic and optoelectronic device technolo-
gies for over six decades have been primarily orchestrated
by semiconductors, which has led to the proliferation of the
information technology age with unprecedented social and
economic impacts [1,2]. While the silicon based integrated
circuit [3–9] is at the heart of this technological revolu-
tion, III-V semiconductors have fundamentally transformed
consumer electronics, solid-state lighting, high-speed elec-
tronics, power-electronic devices, and digital communication
industries [10–16]. The III-V semiconductors and their solid
solution alloys (such as GaN, InGaN, GaAs, InGaAs, GaP,
etc.) have also led to the discovery of many novel scientific
concepts such as fractional quantum Hall effect, quantum
well lasers, quantum cascade lasers, electron and photon

*Corresponding author: bsaha@jncasr.ac.in;
bivas.mat@gmail.com

confinements [17–23], etc., and are at the forefront for the
exploration of the fundamental physics based concepts in ma-
terials science and devices engineering, such as quantum com-
puting, quantum information processing technologies, etc.
[24,25]. While all of these advances and continuing improve-
ments of III-V semiconductor based device technologies have
helped scientific and societal progress, there is a widespread
realization in the III-V materials and device communities
today that some of the most important and pressing challenges
of our society such as energy security, clean environment,
secure information processing, imaging, and sensing require
more advanced materials, new device physics concepts, and
efficient heterogeneous integration techniques that are cur-
rently difficult or impossible to achieve with existing mate-
rials.

In comparison to the III-V semiconductors, group 3 [con-
taining scandium (Sc), yttrium (Y), and all the lanthanides and
actinides] semiconducting materials have received very little
attention historically (“III-V semiconductor” nomenclature
in this paper is used to refer to traditional semiconductors
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belonging to group 13–15, according to the new IUPAC
notation, which were previously referred to as III (A)-V
semiconductors in the old IUPAC convention. Similarly the
III (B) elements in the old IUPAC notations are referred to
as group 3 elements following the new convention in this
paper). However, among the group 3 semiconductors, group
3-nitrides have generated great interests in recent years for
a variety of applications [26,27]. Scandium nitride (ScN)
is a well-known group 3-nitride semiconductor, and could
overcome some of the limitations of traditional III-V semi-
conductors. Along with its heterostructures, ScN could also
offer potential solutions in many branches of modern science
and engineering. For example, unlike the direct band-gap
wurtzite III-nitride semiconductors (such as AlN, GaN, and
InN) or zinc-blende arsenide semiconductors (such as GaAs
and AlAs), ScN crystallizes in rocksalt [28–31] (cubic) struc-
ture and exhibits an indirect band gap of ∼0.9 eV and a direct
band gap of 2.2 eV [31–36]. Due to its rocksalt crystal struc-
ture, ScN possess octahedral bonding coordination, which is
markedly different from tetrahedral coordinated wurtzite III-
nitride semiconductors. Such basic differences in the crystal
structure, bonding coordination, and electronic structure lead
to fundamentally different and interesting properties in ScN
that are not common with other semiconductors.

Early interest in ScN research can be dated back to late
the 1920s, when Meissner and Franz [37] studied its su-
perconducting properties, and to the 1960s, when several
researchers reported on its basic physical properties, such as
specific heat, optical absorption, etc. [38–42]. However, poor
crystalline quality, lack of understanding about its electronic
structure, and unsuccessful attempts to produce preferential
n-type and p-type doping severely limited progress in ScN
research and development for a long time. The situation has
changed significantly over the last 15–20 years as several
researchers have reported on the growth of epitaxial ScN
films by a variety of high-vacuum deposition techniques and
reported on its physical properties.

ScN has attracted significant interest for its potential ap-
plications in thermoelectricity [43–47], as a semiconducting
material in epitaxial single-crystalline metal/semiconductor
superlattices for their thermoelectric, plasmonic, and ther-
mophotonic applications [48], and for several other solid-
state device applications such as substrates for high-quality
GaN based devices, as well as for reducing threading dislo-
cation densities in GaN epilayers [49–55]. Like most other
transition-metal nitrides (TMNs), ScN is structurally and
chemically stable, mechanically hard (23 GPa), and corrosion
resistant and possesses an extremely high melting tempera-
ture in excess of 2600 °C [39,56]. Due to its rocksalt (cu-
bic) crystal structure, ScN also offers a materials platform
for engineering the band structure of alloys with III-nitride
semiconductors (AlN, GaN, and InN) for applications where
integration of the semiconductor with cubic (rocksalt) metals
is required [57]. ScN and its rocksalt solid solution AlxSc1-xN
have been developed and utilized in recent years to deposit
epitaxial metal/semiconductor (Hf,Zr)N/ScN multilayers and
TiN/(Al,Sc)N superlattices [58–61]. Wurtzite AlxSc1-xN thin-
film alloys have also attracted interest for their large piezo-
electric response [62–67], and are actively researched for
both bulk and surface acoustic devices. The high melting

temperature (>2600 ◦C) of ScN is also suitable for refrac-
tory electronic applications, and for component materials for
refractory plasmonic devices. In short, ScN is an emerging
nitride semiconductor for future applications and deserves
attention to harness its potential for practical devices.

While significant challenges related to ScN based device
fabrications and characterizations remain an open scientific
and engineering research direction, there is no doubt that the
past 15–20 years of research and continuing developments
have provided an ideal platform for the exploration of its
industrial applications. In this research update article, we
outline and discuss the important aspects of ScN research
and development, providing a comprehensive description of
growth, characterization, and physical properties. We also
highlight several ongoing challenges and future research di-
rections on ScN.

II. HISTORICAL PERSPECTIVE

The description of the early history of ScN research
and development would not be complete without an explicit
reference to the rich history of the discovery of scandium
(Sc) metal. During the development of the periodic table
of elements in 1869, Mendeleev predicted the existence of
“eka-boron” along with the prediction of three other elements
lighter than rare-earth elements, gallium as “eka-aluminium,”
technetium as “eka-manganese,” and germanium as “eka-
silicon” [68,69]. Nilson, at Uppsala University, Sweden, dis-
covered eka-boron in 1879 and gave it the name “scandium”
in honor of Scandinavia, where the mineral containing the
element was originally discovered [70,71]. Despite this early
discovery, research in scandium and its derivatives remained
scarce for the next two to four decades, and was limited to its
metallurgical aspects.

In one of the earliest reports, Meissner and Franz [37]
studied the superconducting properties of ScN along with
several other carbides and nitrides, and found that ScN
does not exhibit superconducting properties down to 1.4-K
temperature. Detailed analysis of ScN’s physical properties,
however, started mostly in the early 1960s (see Fig. 1) when
Gschneider, Jr. [56] and Samsonov et al. [39] reported on its
melting temperature, free energy, and enthalpy of formation.
The Debye temperature and heat capacity were also calculated
and measured during the same time period by Kaufman [42]
and Shakhanova et al. [41], respectively.

An important milestone in ScN research came about in the
early 1970s when Dismukes et al. [72,73] deposited ScN thin
films using a hybrid vapor phase epitaxy (HVPE) method.
Scandium halides were made to react with ammonia in the
temperature ranges between 750 and 1150 °C that resulted in
ScN thin films on sapphire substrates. Epitaxial thin films de-
posited with the HVPE method resulted in highly conductive
n-type films having a carrier concentration 1020–1021 cm−3.
Dismukes [72] also measured the room-temperature electrical
resistivity of 0.4 m� cm, which was higher than previous
reports. The optical band gap was determined to be 2.1 eV,
which was again higher than the previously measured reports
of 1.75 eV [74].

In spite of such promising developments in the 1960s
and in the early 1970s, research on ScN stagnated for
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FIG. 1. Historic timeline of important progress in ScN research.
The image shows that even though ScN research started long ago
much of the important progress was achieved in the last 15–20 years.

the next 25–30 years primarily due to (a) controversy and
concerns about its stoichiometry, with some reports ques-
tioning whether ScN is inherently nonstoichiometric, which
results in self-compensation and defect generation leading to
heavy n-type doping; (b) controversy about the true nature of
its electronic structure (while absorption studies had showed
ScN to be a semiconductor, modeling reports indicated ScN
to be a semimetal; room-temperature electrical conductivity
of ScN was much higher in comparison to traditional semi-
conductors and approached almost to that of a good metal);
and (c) unsuccessful attempts to reduce the n-type carrier
concentrations, and develop p-type ScN, thereby limiting its
horizon for device technologies.

The controversy over the stoichiometry was resolved par-
tially in 1985 when x-ray photoelectron spectroscopy (XPS)
analysis by Porte [75] demonstrated that ScN is inherently
a stoichiometric compound and that, in special situations
when the nitrogen to scandium ratio is less than 1, the films
correspond to two phase regions, a stoichiometric ScN and
another phase of metallic scandium. XPS analysis also indi-
cated the presence of 0.5% nitrogen vacancy that could result
in 1020–1021 cm−3 carriers, and would move the Fermi energy
from inside the band gap to the bottom of the conduction band.

The breakthrough in ScN research came about in the late
1990s and in the early 2000s when several groups reported
on the growth of high-quality ScN thin films and studied their
physical properties.

(a) Gall et al. [76–78] employed ultrahigh-vacuum (UHV)
reactive magnetron sputtering to deposit epitaxial ScN on

(001) MgO substrates that resulted in (001) and (111)
oriented film growths. Spectroscopic characterization and
density functional theory (DFT) based calculations [35,78]
indicated that ScN is an indirect band-gap semiconductor.

(b) Bai and Kordesch [36] successfully deposited ScN
using plasma assisted physical vapor deposition (PA-PVD)
and reactive rf-sputtering techniques on a range of substrates.
The direct band gap was measured to be 2.26 eV, close to the
previous reports of Dismukes [72] The results of Kordesch
and coworkers [36,79] also showed rectifying behavior of
ScN/GaN heterojunctions fabricated with PA-PVD ScN, and
metal organic chemical vapor deposited (MOCVD) GaN.

(c) Smith et al. [80] deposited smooth ScN thin films using
rf molecular-beam epitaxy (MBE). Characterization by x-ray
diffraction (XRD), reflection high-energy electron diffraction,
scanning tunneling microscopy (STM), and atomic force mi-
croscopy (AFM) analysis showed that the Sc to N flux ratio
has an important role in the microstructure and stoichiometry
of the films. While nitrogen rich conditions resulted in smooth
and stoichiometric films, Sc rich conditions resulted in smooth
but substoichiometric surfaces.

(d) Moram and coworkers [53,81] used ScN as interlayers
and demonstrated threading dislocation density reduction in
GaN films by more than two orders of magnitude.

Recent interests in ScN research were catalyzed in
the early 2010s, when Kerdsongpanya et al. [82] and
Burmistrova et al. [83] utilized dc-magnetron sputtering
techniques to deposit epitaxial ScN thin films, and demon-
strated high thermoelectric power factors for thermoelectric
applications. Saha et al. [84,85] developed epitaxial single-
crystalline metal/semiconductor (Hf,Zr)N/ScN multilayers
and TiN/(Al,Sc)N superlattices. Hole doped p-type ScN thin
film was also demonstrated by the incorporation of MgxNy

and MnxNy, inside the ScN matrix by Saha et al. [33,86].
The p-type Sc1-xMgxN alloy films also demonstrated [87]
high thermoelectric power factors, and enabled the potential
of device fabrications.

III. THIN-FILM DEPOSITION
AND STRUCTURAL PROPERTIES

A variety of deposition techniques have been utilized over
the years for ScN growth such as arc melting of Sc in nitrogen
environment [88,89], reaction of scandium halide with am-
monia [90–92], reactive magnetron sputtering, evaporation,
chemical vapor deposition using halide as reacting agents
[93–96], sublimation-recondensation method in a resistively
heated tungsten furnace [97,98], MBE [99–101], etc. In this
article, we will focus mostly on HVPE, MBE, and reactive
magnetron sputtering techniques for high-quality ScN thin-
film growth.

A. Hybrid vapor phase epitaxy

Dismukes [72] deposited ScN thin films having a thickness
of ∼2–3 μm by HVPE method on c-plane (0001) and r-plane
(1102) sapphire substrates. Crystal orientation, crystallinity,
and electronic properties of the films were found to de-
pend strongly on the growth temperatures, and an N/Sc ratio
of 0.99 ± 0.01 was determined by wet chemistry methods.
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FIG. 2. (a) SEM image of a HVPE deposited single-crystalline (321) ScN surface exhibiting an island-type structure on Al2O3 substrates.
(b) SEM image of a ScN surface deposited with a substrate temperature of 800 ◦C and a source temperature of 1000 ◦C on 6H-SiC substrate.
(c) Nomarski microscope surface image of a ScN (001) film with an approximate thickness of 40 μm. Reproduced with permission from
Refs. [72,92,102].

At high substrate temperature between 850 and 930 ◦C,
good quality ScN thin films having high electron mobility
of 176 cm2/V s and electron concentration as low as 1.9 ×
1020 cm−3 were achieved. Deposition temperature beyond
930 ◦C resulted in polycrystalline film growth. For a typ-
ical single-crystalline sample deposited on 〈11̄02〉α-Al2O3

substrate, scanning electron microscopy (SEM) showed an
island-type structure [see Fig. 2(a)] having an orientation
relationship of 〈321〉‖〈11̄02〉α-Al2O3. For different growth
conditions, other orientations such as 〈100〉‖〈11̄02〉α-Al2O3

and 〈111〉‖〈11̄02〉α-Al2O3 were also achieved. HVPE de-
posited ScN films, however, contained chlorine (Cl) and oxy-
gen (O) impurities in high concentrations, i.e., [Cl] = 1.8 ×
1020 cm−3 and [O] = 4.4 × 1019 cm−3, respectively, which
explained their high n-type carrier concentrations.

HVPE method was also employed to deposit ScN thin films
on 6H-SiC (0001) substrates. Edgar et al. [92] reported epitax-
ial ScN thin-film growth with (111) orientations at substrate
temperatures of 800–900 ◦C [see Fig. 2(b)]. At higher growth
temperature, mixed phase polycrystalline samples with (100)
and (111) orientations were achieved. However, the films
contained aluminum and chlorine impurities in significantly
higher concentrations. The reaction between scandium chlo-
ride (reactant) and an alumina tube used to contain Sc metal
in the HVPE reactor was assumed to be the source of the
aluminum impurities. For thin films deposited at 1000 ◦C, alu-
minum concentration was as high as 1.5 at. %, and reduction
of the deposition temperature to 800 ◦C resulted in only slight
reduction of Al concentration to 0.5 at. %.

Oshima et al. [102] have successfully addressed the impu-
rity issues by designing a corrosion resistant HVPE reactor,
and reported high-quality high-purity ScN epilayer growth
on sapphire substrates. Mirrorlike homogeneous and stoichio-
metric ScN films with N/Sc ratio 1.01 ± 0.10 and thickness
of up to 40 μm were deposited on m-plane and r-plane
sapphire substrates with this method [see Fig. 2(c)]. The use
of a corrosion resistant HVPE reactor suppressed the impurity
concentrations including those of H, C, O, Si, and Cl. Due
to the high purity of the film, and faster growth rates ranging
at 100 s of μm min−1, the n-type carrier concentration was
reduced to a small value of 3.7 × 1018 cm−3 and the carrier
mobility also reached a high value of 284 cm2/V s for pure
ScN films. Compared to high-quality GaN growth on sapphire

substrates that require the deposition of low-temperature GaN
or AlN as buffer layers, ScN growth does not require any seed
layers. With purer reactants, it may also be possible to reduce
the carrier concentrations to below ∼1018 cm−3 and increase
the mobility of the films.

B. Molecular-beam epitaxy

In terms of the MBE growth, Smith et al. [80] deposited
epitaxial ScN thin films on (001) MgO substrates by UHV
MBE with a rf plasma source for nitrogen (N) and an effusion
cell for scandium (Sc) at 800 ◦C. The flux ratio of Sc and N
was found to play a crucial role in determining the structural,
optical, and electronic properties of the deposited films. For
N rich (Sc/N < 1) growth conditions, epitaxial and stoichio-
metric (001) oriented thin films were deposited, while for
Sc rich (Sc/N > 1) growth conditions epitaxial yet nonstoi-
chiometric films with nitrogen vacancies were obtained. STM
imaging revealed that N2 rich film surfaces possess square
shaped plateaus and four-faced pyramids attributed to the
spiral growth around dislocations. For Sc rich films, excess Sc
on the top layer resulted in less distinct step edges compared
to N2 rich film, and surfaces exhibited metallic character [see
Figs. 3(a) and 3(b)].

More recently Ohgaki et al. [104,105] reported the deposi-
tion of ScN on MgO (001) and α-Al2O3 (11̄02) substrates by
radical source MBE using a rf plasma source for nitrogen. Hall
measurements confirmed that MBE deposited ScN is a highly
degenerate n-type semiconductor with carrier concentration
ranging from 1019 to 1021 cm−3, and mobility ranging from
50 to 130 cm2/V s. Their results also showed that mobility
strongly depends on the growth temperature while the carrier
concentration is independent of temperature variations.

Epitaxial ScN thin films with a cube-on-cube epitaxial rela-
tionship were deposited on Si (100) substrate by MBE meth-
ods by Moram et al. [106]. Results showed that the growth
rate, surface roughness, and crystalline quality strongly de-
pend on Sc flux rates. The growth surface was smooth ini-
tially, but with increasing film thickness (>50 nm) the surface
roughness was increased due to the formation of square flat-
topped islands attributed to higher growth rates and increase
in grain sizes. Increase in mobility of the adatoms perhaps
improved the crystalline quality, verified with a low full width
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FIG. 3. (a) AFM images of ScN films deposited with Sc/N flux
ratio 0.26 showing square shaped flat-topped mounds with a rms
roughness of 19 Å (image size is 2 × 2 μm). (b) AFM images of
ScN thin film deposited with Sc/N flux ratio 0.80 showing pyramidal
shaped and flat-topped mounds with a rms roughness of 21 Å (image
size is 2 × 2 μm). (c) AFM micrograph of ScN(100) grown on
Si(100) at Sc flux ratio 4 × 10−7 mbar showing a rms roughness
around 70 Å. (d) AFM images of films during initial nucleation of
scandium silicide on Si substrate (100). Reproduced with permission
from Refs. [80,103].

at half maximum (FWHM) of the rocking curve (∼0.70)
at high Sc flux deposition conditions. Polycrystalline films
oriented along [111] and [100] directions were obtained on Si
(111) substrates [see Figs. 3(c) and 3(d)]. Electron cyclotron
resonance MBE was also employed by Moustakas et al. [107]
to deposit stoichiometric ScN thin films on sapphire substrates
that exhibited absorption edges near 2.1 eV.

C. Magnetron sputtering and other deposition methods

Magnetron sputtering has been an attractive method for
ScN thin-film deposition. In one of the earliest reports of
sputter-deposited ScN, Gall et al. [77] showed polycrystalline
thin-film growth on (001) MgO substrates with columnar
grain structures having an average column separation of
∼30 nm. Microscopy analysis revealed that though the films
initially consisted of an approximately equal volume fraction
of (002) and (111) oriented grains the film texture evolved
through a kinetically limited competitive growth mode to
complete (111) preferred orientations at larger critical thick-
nesses.

More recently, Burmistrova et al. [83] used dc-magnetron
sputtering technique to deposit (002) oriented ScN thin films
having a lattice constant of 4.50 Å on MgO(001) substrate
at 850 ◦C substrate temperature [see Fig. 4(a)]. The highly
textured films exhibited an x-ray rocking curve (ω-scan)
FWHM of ∼0.6◦, which suggested good crystalline quality.
Reciprocal space x-ray mapping (RSM) revealed that the films
were epitaxial and fully strain relaxed with a mosaic spread
of 0.086◦, and SEM imaging of the surfaces showed the
presence of densely packed squared grains with an average

FIG. 4. (a) XRD spectrum of a sputter-deposited ScN thin film
grown on (002) MgO substrates that demonstrate (002) oriented
epitaxial crystal growth. (b) Plan view SEM image of the ScN surface
exhibiting square flat-topped mounds with an average estimated
feature size of 40 nm. (c) HRTEM micrograph of a ScN/MgO
interface. Epitaxial cube-on-cube crystal growth was observed with
signatures of misfit dislocations. (d) HRTEM micrograph of ScN
thin film deposited on sapphire (Al2O3) substrates. Reproduced with
permission from Refs. [82,83,86].

size of ∼40 nm due to the formation of mound structures [see
Fig. 4(b)]. As the film continues to grow those mounds con-
nect along the edges, leading to the formation of cusps, which
slows down the growth rate and increases surface roughness.
Selective area electron diffraction confirmed [86] the epitaxial
growth [see Fig. 4(c)] of ScN on MgO (001) substrates
having an epitaxial relationship with ScN [001](001)||MgO
[001](001). Cube-on-cube crystal orientations were achieved
in spite of a lattice mismatch of ∼7% between ScN and MgO
substrates.

The effects of deposition pressure on the microstructure
of sputter-deposited ScN thin film were also studied [96].
For films deposited between 2 and 10 mTorr of deposi-
tion pressure, nominally single-crystalline ScN films hav-
ing 002 oriented growth directions were achieved, which
exhibited high thermoelectric power factors of 2 × 10−3 to
3.5 × 10−3 W/m K2. The crystal quality and power factors,
however, were significantly degraded for a higher deposition
pressure at 20 mTorr due to the presence of (221) oriented
secondary grains.

DC magnetron sputtering techniques were also employed
to deposit ScN thin films on sapphire (0001) substrates [82].
The films grow with (111) orientations [see Fig. 4(d)] on
the sapphire substrates, and exhibit an epitaxial relationship
of ScN〈11̄0〉‖Al2O3〈101̄0〉 along the in-plane direction and
ScN (111)‖Al2O3 (0001) along the out-of-plane direction.
Cross-sectional microscopy imaging revealed [see Fig. 4(d)]
columnar film domains and epitaxial ScN crystal growth on
Al2O3 substrate, consistent with XRD analysis.
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TABLE I. Electronic properties such as carrier concentration, mobility, and resistivity of ScN thin film deposited by various growth
techniques and on different substrates.

Growth Carrier Mobility Resistivity
technique Substrate concentration (cm−3) (cm2 V−1 S−1) (m� cm) References

HVPE α-Al2O3 0.9 × 1020–47 × 1020 0.3–176 Dismukes [72]
Al2O3c-, m-, r- and a planes, 1018–1020 284 Oshima et al. [102]

AlNc-plane (0001),
GaNc-plane (0001),

MgO,
YSZ

MBE Sapphire(0001) 1017–1019 1–10 Moustakas et al. [107]
MgO(001) 1021 0.103–0.588 Smith et al. [80]
MgO(001) 1019–1021 50–130 Ohgaki et al. [104]

Sputtering MgO(001) 11–16 Gall and Petrov [76]
MgO(001) 2.5 × 1020 106 0.22 Burmistrova et al. [83]

Al2O3 (0001) 0.29 Kerdsongpanya et al. [82]
MgO(001) 1020 18.6 2 Saha et al. [33]

IV. PHYSICAL PROPERTIES OF ScN

A. Electronic properties

Electronic properties of ScN have been investigated for
several decades. During the early years of development in
the 1960s–1970s, room-temperature electrical resistivities of
25, 130, 308, and 461 μ� cm have been reported for ScN
by Samsonov et al. [39], Sclar [88], Gschneider, Jr. [56],
and Dismukes [72], respectively. Such low resistivity values
were reminiscent of ScN’s degenerate semiconducting or
semimetallic characteristics due to the presence of defects.
In 1972, Dismukes reported that HVPE deposited ScN films
were n-type semiconductors with carrier concentration in the
1020–1021 cm−3 range, and mobility of 150 cm2/V s. Sim-
ilarly, early MBE-deposited ScN thin films [80] exhibited
room-temperature electrical resistivity of 100–600 μ� cm
depending on the scandium to nitrogen flux ratio, and a high
calculated carrier concentration of ∼1021 cm−3 from optical
spectroscopic measurements. ScN thin films deposited with
magnetron sputtering exhibited a room-temperature electrical
resistivity of 12 m� cm, which is a factor of ∼100–1000
higher than previous reports [72,88].

More recently, MBE-deposited ScN thin film by Ohgaki
et al. [104] demonstrated high n-type carrier concentration
in the 1019–1021 cm−3 range, and mobility between 50 and
130 cm2/V s (see Table I). Sputter-deposited ScN thin films
by Burmistrova et al. [83] on MgO (001) substrate and by
Kerdsongpanya et al. [82] on Al2O3(0001) substrate have ex-
hibited carrier concentration and mobility of 2.5 × 1020 cm−3

and 106 cm2/V s, and 1 × 1021 cm−3 and 30 cm2/V s, respec-
tively. Similarly as mentioned before, with a corrosion free
HVPE reactor, Oshima et al. [102] showed that when the
impurity level is significantly reduced stoichiometric ScN thin
film exhibits electron concentrations ranging from 1018 to
1020 cm−3, and an extremely large mobility of 284 cm2/V s.

Temperature-dependent electronic properties of ScN thin
films have been also evaluated. Dismukes [72] found that with
a decrease in temperature from 300 to 77 K carrier concentra-
tion of the HVPE deposited thin films changes by only 10%,
which suggests that nearly all of the donor impurities remain

ionized down to liquid nitrogen temperature. The mobility of
films was found to decrease with an increase in temperature
from 77 to 300 K, and exhibited T−1.85 dependence for a car-
rier concentration of 1 × 1020 cm−3, and T−1.42 dependence
for a carrier concentration of 2 × 1021 cm−3. Such variations
in mobility as a function of temperature were attributed to
acoustic phonon scattering, which exhibits an otherwise ideal
T−1.5 dependence. Sputter-deposited ScN thin film by Gall
and Petrov [76] exhibited decrease in the resistivity from
1.6 × 10−2 � cm at 80 K to 1.1 × 10−2 � cm at 400 K sug-
gestive of its semiconducting nature.

Burmistrova et al. [83] and Kerdsongpanya et al. [82] have
studied the electrical resistivity of ScN thin films at high
temperatures in an effort to understand their thermoelectric
properties, and found that the resistivity increases with an
increase in temperature from 300 to 850 K. For ScN films
deposited on MgO substrates, Burmistrova et al. [83] showed
that the resistivity increased from ∼2 × 10−4 � cm at 300 K
to ∼8 × 10−4 � cm at 850 K corresponding to an increase
of about factor 4, while sputter-deposited ScN thin films on
Al2O3 substrates exhibited much lower resistivity values, and
a resistivity increase of about factor 2 with the same increase
in temperatures. Saha et al. [86] have recently measured
the temperature-dependent resistivity, mobility, and carrier
concentrations of sputter-deposited ScN thin films at high
temperatures (see Fig. 5), and found that with an increase
in temperature from 300 to 850 K the mobility of the films
decreases from ∼70 to ∼20 cm2/V s, thus exhibiting a T−1.29

behavior. Therefore, the results suggest that acoustic impurity
scattering is the most prevalent scattering mechanism for
ScN thin films in the wide temperature ranges. The carrier
concentration was also found to increase from 2.5 × 1020 to
4 × 1020 cm−3 in the same temperature range, suggesting a
thermal activation, albeit with a very small magnitude.

In terms of its electronic structure, ScN has been a sub-
ject of great interest for a long time. Early band-structure
calculations by Nowotny and Neckel [108] and Weinberger
et al. [109] had suggested that ScN is a semiconductor with
band gaps of 0.6 and 0.1 eV, respectively, which were much
smaller than the measured band gap from optical absorptions.
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FIG. 5. Temperature-dependent (a) resistivity, (b) mobility, and (c) carrier concentration of sputter-deposited ScN thin film on MgO
substrate. Reproduced with permission from Ref. [86].

Since it is well known that the traditional DFT calculations
underestimate the band gap of semiconductors [110–113],
several correction schemes such as screened exchange
local-density approximation (LDA) [114], Hubbard U cor-
rections [115], and GW methods [116] have been utilized to
predict the correct band gap. Stampfl et al. [34] used screened
exchange LDA and suggested an indirect Г-X band gap of
1.58 eV, while Gall et al. [78] showed the indirect gap to
be much smaller at 1.3 ± 0.1 eV (see Table II).The exact
exchange DFT calculation of Gall et al. was in agreement
with the XPS analysis, though a shift in the conduction band
of 0.3 eV was necessary to match the experimental spectra.
Using quasiparticle corrected local (spin) density functional
calculation, Lambrecht [35] showed that the indirect band gap
of ScN is a bit smaller at 0.9 eV. The quasiparticle corrections
were estimated by assuming that the band-gap corrections
are inversely proportional to the dielectric constant and using
quasiparticle d-band shift in ErScAs. Though this approach
results in an indirect band gap that is close to the experimental
values, the dielectric constant disagreed significantly. Qteish
et al. [32] used G0W0-quasiparticle calculations using exact-
exchange Kohn-Sham density functional theory one-particle
wave functions, and suggested that ScN has an indirect gap of
0.99 ± 0.15 eV. Band-structure calculations have showed that
the top of the valence band in ScN is located at the Г point,
while the bottom of the conduction band is located at the X
point of the Brillouin zone, leading to a Г-X indirect band gap

of 0.99 eV (see Fig. 6). Hubbard U corrections were also used
to fit the band gap of ScN with experimental measurements.
The calculated direct band-gap value at the Г point, however,
was significantly overestimated in such calculations com-
pared to the experimental values. Screened exchange LDA
calculations by Stampfl et al. [117] showed that for ScN the
ideal-relaxed (001) surface has the lowest formation energy
for most of the range of the allowed chemical potentials,
and exhibits semiconducting properties with (1 × 1) struc-
ture. For the Sc rich growth condition, which is expected
to result in N deficient structures, metallic conduction was
predicted.

In the simplest picture of bonding, the scandium atom in
ScN donates its two 4s electrons and single 3d electron to
the nitrogen atom. Harrion and Straub [118] have suggested
that in the rocksalt structure of ScN five d states of Sc
hybridize with the three-valence p states of the neighboring
nitrogen atom, forming three p-like bonding states, three d-
like antibonding t2g states, and two nonbonding e2

g states. The
electronic densities of states have confirmed that the valence
band of ScN is primarily dominated by nitrogen p states,
which overlap with a fraction of the d states of Sc forming
p-d hybridized states, while the lowest conduction band is
mainly antibonding t3

2g 3d states of scandium. The separation
of these bonding and nonbonding states is the band gap, and
is difficult to estimate with traditional Kohn-Sham DFT [119]
based calculations.

TABLE II. First-principles density functional theory based analysis of the direct and indirect band gap, electron effective mass (m∗
t and

m∗
l ), and volume deformation potentials (a�−X

v and a�−�
v ) of ScN presented with various calculation methods.

Indirect band gap Direct band gap Effective Volume deformation
Method (eV) (�-X) (eV) (�-�) mass (m∗) potential References

mt
∗ ml

∗ a�−X
v a�−�

v

ASA-LMTO 0.9 Lambrecht [35]
SX-LDA 1.58 Stampfl et al. [34]
EEX 1.3 ± 0.3 Gall et al. [78]
GGA + U(U = 3.5 eV) 0.89 0.281 2.061 Saha et al. [31]
[G0W0]average 0.99 3.62 Qteish et al. [32]
OEPx(cLDA)-G0W0 0.84 3.51 0.189 1.483 2.02 1.54
LDA-G0W0 1.14 3.71
OEPx(cLDA) 1.70 4.53 0.253 1.450 2.06 1.07
LDA, LDA-USIC –0.15, 0.40 2.34, 3.25
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FIG. 6. (a) Electronic structure and (b) densities of electronic
states of ScN calculated with DFT along with Hubbard U corrections.
Reproduced with permission from Ref. [31].

To connect the electronic structure with its electrical
transport characteristics, transverse (mt

∗) and longitudinal
(ml

∗) conduction-band effective masses at the X point of the
Brillouin zone and the volume deformation potentials were
estimated [31,32]. GW calculations suggested [32] a trans-
verse conduction-band effective mass of 0.189, while the
generalized gradient approximation (GGA) along with the
Hubbard U correction (with U = 3.5 eV) estimate indicate a
bit larger mt

∗ of 0.281 [31]. The ml
∗ estimate varies from

1.625 to 2.031 in these calculations. The volume deformation
potential, which holds critical information about the electronic
structure of ScN deposited at different growth conditions,
suggests that the direct Г-Г band-gap deformation potential
is in the range 1.43–1.54, while the same for the indirect gap
Г-X was found to be typically in the range of 2.

B. Optical properties

Optical properties of ScN have been a topic of interest
for a long time primarily to explore the prospect of utilizing
them in optoelectronic devices. In one of the earliest reports
of the spectroscopic analysis, Busch et al. [74] performed
reflectance measurement on powders containing 80% of the
theoretical nitrogen content of stoichiometric ScN, and ob-
served a minimum in the absorption spectrum at an energy
of 1.75 eV. Later research on HVPE deposited ScN thin
films [72] showed [see Fig. 7(a)] that the free-carrier Drude
absorption dominates in the long-wavelength region of the
absorption spectrum, and varies as λ2 (λ being the wavelength
of incident light). The absorption spectrum [see Fig. 7(a)]
showed an exponential dependence upon photon energy, and
extended to both the lower and upper regions of the apparent
band gap. High carrier concentration resulted in the pertur-
bation of the band structure and exponential tailoring of the
absorption spectrum, as a result of which it was not possible
to determine the exact nature of its band-to-band transition.
Nevertheless, the authors estimated a band-gap value of 2.1
eV from the dip in the absorption spectrum.

Subsequently MBE [80,120] and sputter-deposited [78]
ScN thin films have exhibited a well-defined absorption edge
at 2.15 and 2.37 eV, respectively, and with the advances
of electronic structure calculations the nature the absorption
edge was assigned to its direct band-gap Г-Г transition. The
variation of the direct band gap as a function of carrier
concentration was also measured by Deng et al. [121] with
controlled fluorine impurity doping, and results showed [see
Fig. 4(d)] that the direct band gap increases linearly from

FIG. 7. (a) Dependence of optical absorption coefficient α upon
wavelength λ at 300 K in HVPE deposited ScN thin film. (b) Real and
(c) imaginary part of dielectric permittivity of ScN and (d) band gap
vs carrier concentrations, obtained from Tauc’s plot, as illustrated
for N = 8.56 × 1020 cm−3 in the inset. Reproduced with permission
from Refs. [33,72,121].

2.18 to 2.7 eV with an increase in carrier concentrations from
1.1 × 1020 to 12.8 × 1020 cm−3 due to Moss-Burstein shift.

While the estimation of direct band gap has been difficult
due to ScN’s large carrier concentration, accurate determi-
nation of its indirect gap was even more challenging. Apart
from the fact that the absorption cross-section for indirect
band-gap transition is quite small, large carrier concentration
of the ScN films leads to Moss-Burstein shifts [122], which
pushes the Fermi level to the bottom of the conduction band
and makes the band diagram picture even more complicated.
STM analysis performed on MBE deposited stoichiometric
ScN films [120] showed an indirect band gap of ∼0.9 eV,
while nitrogen deficient ScN films showed a similar gap of
∼0.95 eV, along with a second onset at 2.2 eV. These esti-
mates of the indirect band gap were also verified by detailed
absorption measurements [120], where indirect gap values
between 0.9 and 1.2 eV were found.

Direct band-gap band-to-band transition at 2.2 eV was
further demonstrated [33] by photoluminescence (PL) mea-
surements from sputter-deposited ScN films grown on [001]
MgO substrates. An emission peak at 2.2 eV with a FWHM
of 0.25 eV was observed. The FWHM of the PL peak was
much broader compared to well-known nitride semiconduc-
tors such as GaN and InN [123,124] possibly due to ScN’s
indirect band-gap nature. Though the exact mechanism of the
observed PL remains to be explained, Saha et al. showed
[33] that the intensity of the luminescence was proportional
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FIG. 8. Vibrational spectrum of ScN calculated with DFPT. The
spectrum shows LO-TO splitting due to the polar nature of ScN. The
densities of phonon states are also presented and exhibit no signif-
icant gap in the vibrational spectrum. Reproduced with permission
from Ref. [31].

to the laser input power, suggestive of faster electron-hole
recombination rates with respect to thermalization time of the
electrons to the indirect X valley. Apart from ScN, several
other indirect band-gap semiconductors such as Si and Ge
exhibit similar PL characteristics due to interesting features in
their band structure [125]. Therefore, it would be interesting to
understand the underlying physical mechanism of PL in ScN.
At the same time, since light emission at 2.2 eV is interesting
and essential for addressing the yellow gap issue in solid-state
lighting [126], ScN could become useful, though quantum
yield measurements will be necessary.

Dielectric properties of ScN are also important for their
optoelectronic applications. Spectroscopic ellipsometry based
analysis showed [see Figs. 7(b) and 7(c)] that ScN behaves
as a dielectric material in the visible to near IR wavelength
range, with the real part of the dielectric permittivity at the
interband transition position exhibiting a value of 12.8, which
is consistent with previous first-principles based calculations
[31]. Interestingly, Si also exhibits [127] a dielectric constant
of 11.7 and indirect band gap of 1.1 eV, both of which
are quite close to ScN. The long-wavelength regions of the
permittivity spectrum were dominated by free electrons or
Drude absorptions. The imaginary part of the dielectric per-
mittivity showed a peak at ∼530 nm due to the band-to-band
transitions, and increased in the long-wavelength range for
free-electron absorptions.

C. Thermal properties

Compared to the electronic and optical properties, very
little attention has been paid to determine the thermal prop-
erties of ScN. First-principles density functional perturba-
tion theory [128,129] (DFPT) based modeling analysis of
the vibrational spectrum showed [31] a LO and TO phonon
splitting (∼335 cm−1) at the Г point of the Brillouin zone (see
Fig. 8) resulting from long-range dipole-dipole interactions,
representative of ScN’s polar nature. Apart from such splitting
of the optical phonon modes, both the LA and TA phonon
modes softened along [001] and [111] directions due to the
nesting of the Fermi surfaces by the wave vector (q). Debye
temperature was also calculated from the vibrational spectrum
to be 711 K, and calculations showed that at high temperatures
the specific heat reaches an ideal Dulong-Petit value.

Boltzmann transport theory under a relaxation-time ap-
proximation [130,131] has been used to calculate the thermal

FIG. 9. Temperature-dependent thermal conductivity of ScN thin
film deposited on MgO substrate, along with calculated electronic
contribution to the total thermal conductivity. Reproduced with per-
mission from Ref. [87].

conductivity of ScN from the full phonon dispersion spectrum
(ω versus k) calculated with the DFPT [31], which showed
that the acoustic phonons dominate thermal conductivity in
ScN at lower temperatures. When the temperature is in-
creased, the optical phonon mode starts contributing to the
total thermal conductivity as expected. Since frequency and
mode-dependent phonon relaxation time were not available,
modeled thermal conductivity results could not be compared
with experimental values. In a recent report, Kerdsongpanya
et al. [132,133] have developed a theoretical model [134,135],
which takes into account the effect of microstructure (grain
size) of the ScN crystals and employed ab-initio descriptions
that included temperature-dependent interatomic force con-
stants, as well as anharmonic lattice vibrations. Prediction
showed that with decreasing ScN thickness thermal conduc-
tivity should decrease due to smaller mean free paths of
phonons allowed to transport, and demonstrated the effect
experimentally with thin films deposited at different thick-
nesses. However, the predicted lattice thermal conductivity
was a factor of 2 higher than the experimental results, which
the authors attributed to the effects of point defects in experi-
mental samples.

Time-domain thermoreflectance (TDTR) [136–138] has
been utilized to measure the thermal conductivity of ScN
thin films. Since ScN is a semiconductor with high elec-
trical resistivity, the measured thermal conductivity should
be primarily from lattice or phonon contributions, and the
electronic component would be very small. Rawat et al. [61]
have reported a room-temperature thermal conductivity of
10.6 W/m K in epitaxial ScN thin films of ∼300-nm thickness
deposited on (001) MgO substrates. Temperature-dependent
TDTR measurement technique showed (see Fig. 9) that the
Umklapp scattering dominates thermal conductivity at higher
temperatures with a scattering exponent of −0.85. Overall
thermal conductivity decreased from 13.6 W/m K at 300 K
to ∼7.5 W/m K at 550 K temperature.
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D. Thermoelectric properties

Group III-nitride semiconductors (such as GaN, AlN, and
InN) are traditionally regarded as inefficient thermoelectric
materials since they exhibit low thermoelectric figures-of-
merit (ZT) primarily due to their large thermal conductivities
[16,139,140]. For example, GaN exhibits a room-temperature
thermal conductivity in excess of 130 W/m K [141,142]
while the room-temperature thermal conductivity of AlN is
∼320 W/m K [143]. Thermoelectric applications, however,
require thermal conductivity to be as low as ∼1 W/m K
[48,144–147]. In addition, several of the III nitrides generally
do not exhibit necessary and important electronic properties
for large thermoelectric power factors such as (a) asymmetry
in the densities of electronic states at Fermi energy, (b) suit-
able carrier concentrations at ∼1019–1020 cm−3, and (c) large
effective mass of charge carriers.

Development of ScN has changed that scenario quite a
lot. Early interest in ScN’s thermoelectric properties dates
back to the 1960s when Samsonov et al. [39] and Sclar
[88] reported room-temperature Seebeck coefficients of −21
and −39 μV/K, respectively. The Seebeck coefficients were
not that large perhaps due to the high degree of metallic
characteristics that ScN exhibited in early years due to its
substoichiometric nature, and the possible presence of defects.
However, with the advances in thin-film deposition process,
stoichiometric ScN thin films are deposited regularly albeit
with unwanted impurity doping such as oxygen and fluorine,
as well as nitrogen vacancies. These unwanted impurities act
as electron donors, and result in a carrier concentration of
∼1019–1020 cm−3 in ScN, which is highly suitable to achieve
large thermoelectric figures-of-merit.

Kerdsongpanya et al. [82] and Burmistrova et al. [83] have
reported the thermoelectric properties of sputter-deposited
ScN thin films grown on Al2O3 and MgO substrate, respec-
tively. The room-temperature Seebeck coefficient was found
to be −39 and −70 μV/K, respectively. With an increase
in temperature from 300 to 800 K, Kerdsongpanya et al.
[82] demonstrated that the Seebeck coefficient increases from
∼ − 39 to ∼ − 82 μV/K [see Fig. 10(a)], while similar in-
crease in temperature from 300 to 850 K resulted in a Seebeck
coefficient increase from ∼ − 70 to −160 μV/K in the thin
films of ScN reported by Burmistrova et al. [83]. Due to
such high Seebeck coefficient and moderately large electrical
conductivity arising due to doping from impurities, thermo-
electric power factors of the sputtered deposited ScN were ex-
tremely large, especially at high temperatures (∼600–850-K
range). For ScN thin films deposited on Al2O3 substrates,
Kerdsongpanya et al. [82] reported a high power factor value
of 2.5 × 10−3 W/m K2, while for films deposited on MgO
substrates Burmistrova et al. [83] reported a power factor
value of 3.3 × 10−3 W/m K2 [see Fig. 10(b)]. Such power
factors at 600–850-K temperature ranges are higher than the
best known thermoelectric materials such as Bi2Te3 and its
alloys at 400 K, as well as high-temperature thermoelectric
materials such as La3Te4 at 600 K, and compare well with
undoped crystalline SiGe in the same temperature range
[148–150].

Despite such a large power factor, the overall thermoelec-
tric figure-of-merit of ScN is quite low [83,87] at ∼0.2 at
800 K, due to its large thermal conductivity, which has

FIG. 10. (a) Seebeck coefficient and electrical resistivity of
ScN as a function of temperature. (b) Power factor of ScN as
a function of temperature. The maximum power factor of 3.5 ×
10−3 (W/mK2) was achieved at ∼600 K. Reproduced with permis-
sion from Refs. [82,83].

been a limiting factor in its industrial applications for power
generation or refrigeration applications. With the motivation
to reduce thermal conductivity, Tureson et al. [151,152]
and Kerdsongpanya et al. [153,154] have recently developed
Sc1-xNbxN and Sc1-xCrxN solid solution alloys. In case of
the Sc1-xNbxN, the room-temperature thermal conductivity
decreased from ∼10.5 W/m K for pure ScN down to a min-
imum value of 2.2 W/m K for x = ∼0.14. However, the ap-
proximately five-factor decrease in thermal conductivity was
also accompanied by a decrease of the thermoelectric power
factors by a similar amount due to the decrease in the Seebeck
coefficient and electrical conductivity, which led to an overall
unchanged thermoelectric figure-of-merit. For Sc1-xCrxN, the
thermal conductivity decreased from ∼10.5 W/m K for pure
ScN to as low as ∼2.3 W/m K for pure Cr0.54Sc0.46N thin-film
alloy. The Seebeck coefficients of alloy films were also found
to increase with an increase in CrN concentrations inside
Sc1-xCrxN alloys, which is suitable for thermoelectric appli-
cations. Electrical resistivity, however, was found to increase
for the alloy films, which is detrimental for achieving high
thermoelectric figure-of-merit. It must also be mentioned here
that stoichiometric CrN thin films achieved by processing
as-deposited films in a NH3 gas environment exhibit a high
thermoelectric power factor and figures-of-merit of 0.12–0.15
close to room-temperature [155,156]. Hole-type (p-type) car-
rier transport in nitrogen rich Al doped CrN thin films was
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TABLE III. Mechanical properties including the hardness, Young modulus, Poisson ratio, and bulk modulus of ScN presented with
experimental and theoretical/modeling results.

Young’s Bulk modulus
Method Substrate Hardness (GPa) modulus (GPa) Poisson ratio B (GPa) References

Experimental
Sputtering MgO(001) 12.9–25.7 287–408 182 ± 40 Gall et al. [77]

TiN(001)/ MgO(001) 0.20 ± 0.04 187 Gall et al. [93]
MBE Si(111) 270 ± 25 0.188 ± 0.1005 Moram et al. [106]
Theoretical/
modeling
LDA and GGA 24.9 368.8 0.19 197.1 Liu et al. [172]
FPLMTO 210.364 Tebboune et al. [173]

356 0.25 220 Meenaatci et al. [171]

also achieved in recent years, marking a significant progress
in CrN based materials for thermoelectric applications [157].
Therefore, similar to the challenges encountered in most other
thermoelectric materials systems [158–161], the reduction in
thermal conductivity must be attained without reducing the
power factor to achieve a higher thermoelectric figure-of-
merit. In this regard, incorporation of nanoparticles [162–
164], phase separation [165,166], a small amount of heavy
element inclusion [167], and other approaches could be ex-
plored.

E. Mechanical properties

Like most other TMNs, the mechanical properties of ScN
have been studied for over three to four decades to utilize
its high hardness and large elastic modulus for tribology
applications [168–170]. The valence electron density that
determines the hardness of materials is the highest for ScN
among group 3 nitrides, and as a result ScN thin films exhibit
high mechanical hardness [171]. Gall et al. reported that (001)
ScN thin films deposited on MgO substrates with MBE exhibit
a hardness of 21.2 GPa, and an elastic modulus of 356 GPa at
room temperature [77]. A bulk modulus of 182 GPa was also
estimated with previously measured Poisson’s ratio values.
Subsequently, Moram et al. [106] reported a Young’s modulus
of 270 ± 25 GPa and Poisson’s ratio of 0.188 ± 0.002 on
(111) oriented ScN thin films deposited on Si substrates with
MBE (see Table III).

Sputtered-deposited ScN (001) films grown on MgO sub-
strate demonstrate a room-temperature hardness of 21 GPa
and Young’s modulus of 356 GPa, which is consistent
with MBE-deposited ScN [77]. Sputter-deposited cubic-
Al0.72Sc0.28N thin-film alloys also exhibited a higher hardness
to ∼32 GPa, and cubic-Ti0.5Al0.36Sc0.14N solid solution alloys
exhibited [174] an extraordinarily high hardness of 46 GPa.
Though the exact mechanism of such high hardness is not
clear, authors speculate that incorporation of ScN inside the
Ti1-xAlxN matrix improves the crystalline quality, thus leading
to higher hardness values.

F. ScN as an interlayer for GaN growth

For solid-state lighting applications, ScN interlayers have
been utilized to reduce the threading dislocation densities
in GaN [53,81], that arise due to a large lattice mismatch

(16%) between the film and the sapphire substrate. Thread-
ing dislocations are known to reduce efficiencies of GaN
based lasers and light emitting diodes, act as nonradiative
recombination centers reducing light emission efficiencies,
and serve as scattering centers for charge carriers, thereby
reducing the mobility of the films [139,175,176]. Typically
GaN films deposited on sapphire substrates exhibit a threading
dislocation density in excess of 5 × 109 cm−2 [177–179].

The lattice constant (a) of ScN is 4.50 Å, and the a lat-
tice parameter for GaN is 3.18 Å which results in −0.1%
lattice mismatch for (111) oriented cubic ScN and (0001)
oriented hexagonal GaN [145]. Therefore, ScN interlayers
should ideally reduce the threading dislocation density of
GaN epilayers deposited on sapphire substrates. Using this
hypothesis, Moram and coworkers [53,81] have demonstrated
reduction of threading dislocation density in (0001) GaN from
(5.0 ± 0.5) × 109 to (3.1 ± 0.4) × 107 cm−2 for coalesced
films and to below 5 × 107 cm−2 for partially coalesced films
[see Fig. 11(a)]. Microscopic analysis showed that ScN acts as
an effective interlayer, and reduces the threading dislocation
densities both for nonpolar (112̄0) and semipolar (112̄2) GaN
films by orders of magnitude. In addition to reducing the
threading dislocation densities, basal plane stacking faults
were also significantly reduced [81] by the ScN interlayers.

The effect of ScN interlayer thickness on the threading
dislocation density reduction was also studied [54] in coa-
lesced GaN films, and results showed [see Fig. 11(b)] that
with an increase in interlayer thickness from 2 to 12 nm
the threading dislocation density reduced from 10.5 × 107

to 4.5 × 107 cm−2. The films do not coalesce easily for an
interlayer thickness of more than 15 nm, thus setting an upper
limit of ScN interlayer thickness.

V. DEFECTS IN ScN: FIRST-PRINCIPLES
THEORY AND EXPERIMENTS

Native defects and foreign impurities play a crucial role
in determining the physical properties of semiconductors
[180] and ScN is no exception. Thin-film growth techniques
(such as magnetron sputtering, MBE, etc.) usually possess a
background pressure arising from water vapor, O2, CO2,
and other impurity gases that usually dope an otherwise
intrinsic semiconductor with point defects such as vacancies,
interstitials, antisite defects, etc. [181,182]. Similarly crystal
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FIG. 11. (a) Threading dislocation density of GaN thin film was
reduced by orders of magnitude with a ScN interlayer shown in this
HRTEM micrograph. (b) Dislocation density is plotted as a function
of ScN interlayer thickness, which showed that with an increase
in interlayer thickness from 2 to 12 nm the dislocation density
is reduced by a factor of ∼10. Reproduced with permission from
Ref. [54].

structure, lattice constant, and surface and interface energy
mismatch between the substrate and film result in extended
defects such as dislocations, grain boundaries, stacking faults,
etc. [183,184]. In the case of ScN, the effects of point defects
(both native and foreign impurities) have been studied in a
series of recent reports [185–187]. However, the nature and
effects of the extended defects still require detailed analysis.
In this section, we will address defects in ScN that are
investigated by a combination of first-principles theory and
experimental analysis.

A. Effect of nitrogen vacancy and other native defects

Nitrogen vacancies are a common point defect in many
nitride semiconductors and affect their electronic as well as
optoelectronic properties [138,188]. The presence of nitrogen
vacancies was of great concern in the first few reports on ScN
growth in the 1960s [40,74]. However, HVPE deposited ScN
thin films by Dismukes [72] appeared to be relatively free
from such defects based on three observations: (a) chemical
analysis showed that HVPE deposited ScN films are stoichio-
metric and no gross deviation from the stoichiometry was
observed for a range of deposited films; (b) no systematic
increase in donor concentration was observed over the range
of growth temperature 750–1150 ◦C; and (c) the donor con-
centration decreased with a decrease in ammonia and hydro-
gen halide concentration during the HVPE process. Following

FIG. 12. DFT based calculation of native points defect formation
energy in ScN. Reproduced with permission from Ref. [185].

this early work, XPS analysis by Porte [75] showed that ScN
thin films prefer a stoichiometric condition, and growth of
ScN in nitrogen deficient conditions results in stoichiometric
ScN and metallic scandium mixtures, with no signature of any
nitrogen deficient substoichiometric ScN. Therefore, their re-
sults indicated that nitrogen vacancy perhaps is not a favorable
defect inside ScN.

More recently, Al-Brithen et al. [100] showed that for MBE
grown ScN films stoichiometry is a strong function of the
Sc/N flux ratio during the deposition process. For scandium
rich conditions, the bulk Sc/N ratio approximately equals the
flux ratio during the growth process; however, as the rocksalt
structure of the crystal was maintained, it resulted in nitrogen
vacancies. For nitrogen rich conditions, nitrogen vacancies
were suppressed and the films were stoichiometric. Similarly,
Oshima et al. [102] obtained stoichiometric ScN thin films
with HVPE growth method, and Kerdsongpanya et al. [82]
reported nearly stoichiometric films via magnetron sputtering.

Thermodynamics of nitrogen vacancy formation inside
ScN have been calculated recently using first-principles DFT
methods by Kumagai et al. [185] and presented in Fig. 12.
Results showed that for Sc rich conditions nitrogen vacancy
formation energy is negative in the entire range of Fermi
energy, which could generate a large number of carriers
(electrons). However, at N rich conditions, nitrogen vacancy
energy was found to be positive, and it does not cause a
Fermi-level pinning inside ScN’s band gap. The thermody-
namic analysis, therefore, is consistent with the experimental
observations of MBE deposited ScN thin films by Al-Brithen
et al. [100]. Calculation by Kumagai et al. [185] also showed
that p-type doping in ScN is thermodynamically attainable
as long as carrier compensation by unintentional impurities
is well suppressed and a suitable hole dopant is chosen (see
Fig. 13).

The nitrogen vacancy defect states are composed mainly
of Sc eg orbitals. Interestingly, the calculations revealed
that only VN

2+ emerges inside the band gap, which is not
stable compared to the 1+ and 3+ charge states in traditional
III-nitride semiconductors [189–191]. When the localized d
orbitals constitute mainly the defect state, as with VN in ScN,
the on-site Coulomb repulsion is expected to be large. As
a result, VN preferentially accommodates only one electron,
which is the reason why VN

2+ is relatively stable in ScN.
Electronic structure calculations [186] showed that nitrogen
vacancies introduce an asymmetric peak close to the Fermi
level in ScN, and the Fermi energy shifts from the band gap to
the conduction-band edge.
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FIG. 13. Formation energy of n-type and p-type dopants inside
ScN calculated by DFT based analysis. Mg incorporation energy
in Sc atomic sites was found to be favorable, suggesting that p-
type doping of ScN is possible. Reproduced with permission from
Ref. [185].

Apart from nitrogen vacancy, the formation energies of
other native point defects such as nitrogen or scandium inter-
stitials, scandium vacancy, etc., were found to be quite large
(see Fig. 12). Similarly antisite defect formation energies are
also very high. Therefore, their effects could be neglected to a
large extent.

B. Effect of oxygen impurity

Oxygen impurities in ScN originate primarily from source
contaminations and background H2O, O2, and CO2 gas con-
centrations during the thin-film deposition. Mass spectro-
scopic analysis of ScN thin films deposited with HVPE
method [72] exhibited an O2-impurity concentration of 4 ×
1019 atoms/cm−3. More recently, sputter-deposited ScN thin
film [83] also exhibited 1.6 ± 1.0 at. % of oxygen, and for
ScN films deposited on Al2O3 substrates [85] the oxygen-
impurity content was lower at 0.3 at. %. Moram et al. [192]
have showed that compared to other TMNs such as TiN,
ZrN, etc., ScN is unusually susceptible to O2 contaminations.
Therefore, an in-depth understanding of the thermodynamics
of oxygen-impurity formations inside ScN and its effects on
the physical properties is necessary.

First-principles DFT [185] calculations have showed that
the formation energies of oxygen impurity on the nitrogen
atomic site (ON) are energetically favorable across the whole
range of Fermi energy (see Fig. 14). Oxygen impurities should
also act as single donors. Therefore, experimentally observed
oxygen impurities in HVPE or sputter-deposited ScN thin
films are well explained by the thermodynamic analysis. With
systematic variations of such impurity concentration in ScN,
Burmistrova et al. [83] have showed that (a) the O2-defect
states do not reside inside the band gap of ScN, (b) there is
no tendency of oxygen atoms to cluster and form precipitates,
and (c) the presence of O2 in ScN shifts the Fermi energy
from ScN’s band gap to its conduction-band edge. Such Moss-
Burstein shift of the Fermi level was explained by the donor
nature of oxygen impurities. Calculations have showed that
for 1.56 at. % of O2 inside ScN the Fermi level should be
located at ∼0.34 eV from the conduction-band edge.

FIG. 14. DFT analysis of foreign impurity points defect forma-
tion energy in ScN. Results show that for oxygen, fluorine, and
hydrogen impurities at nitrogen atomic sites the formation energies
are negative, suggesting their possible presence in ScN films. Repro-
duced with permission from Ref. [185].

Moss-Burstein shift of the Fermi level to the conduction-
band edge has enormous consequences on ScN’s electronic
properties. Measurements have showed that the electrical re-
sistivity of ScN epilayers increases from 0.3 m� cm at 300 K
to ∼0.9 m� cm at 800 K [87], which represents its degener-
ate semiconducting or semimetallic transport behavior. Such
transport characteristics can be well explained with the Moss-
Burstein shift of the Fermi level. Similarly, the origins of high
Seebeck coefficients and large thermoelectric power factors in
sputter-deposited ScN thin film are also well explained by the
Fermi-level position at the conduction-band edge. Boltzmann
transport equation based modeling of Seebeck coefficients has
showed that the experimental Seebeck coefficients could be
well described for a Fermi-level position that is 0.06–0.09
eV above the conduction-band edge, which matches well with
DFT calculations.

Moram et al. [192] also studied the effects of oxygen
incorporation in ScN’s optical and electronic properties by
altering the deposition conditions and background pressure
of ScN growth. Results showed that with an increase in
the O2 concentration direct band gap increased from 2.2 to
∼3.1 eV, similar to the case of fluorine doped ScN [121],
while the crystal structure degraded progressively with the
incorporation of O2. Oxygen contaminations also contributed
to the non-Arrhenius behavior of ScN film’s resistivity versus
temperature behavior, and ultimately resulted in its degenerate
n-type conductivity.

C. Effect of foreign impurities

Apart from the presence of native defects and oxygen
impurities, several other foreign impurities such as fluorine
[F], hydrogen [H], carbon [C], silicon [Si], tantalum [Ta],
etc., have been observed in ScN films. Many of these foreign
impurities arise from thin-film deposition processes related
to reactant gas, metal precursors, sputtering targets, etc. For
example, HVPE deposited ScN thin films in the early 1970s
[72] contained 3 × 1019 cm−3 metal atom impurities arising
mainly from [Si], [Fe], [Al], [Mg], and other rare-earth metals.
Halogen impurities (such as chlorine [Cl] and others) were
also found in HVPE deposited films arising from reactants.
However, as mentioned before, in a recent report of HVPE de-
posited ScN [102], most of the metal impurity concentrations
were effectively suppressed with a corrosion resistant reaction
chamber.
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For sputter-deposited ScN thin films, apart from O2 con-
tamination, the presence of [Ta] and [F] has been widely
reported to arise potentially from sputtering targets. In the
case of [F], processing of bulk ore used for target prepara-
tion, when the ore is etched by fluorine-containing acids to
form an intermediate scandium fluoride step before obtaining
scandium metal, introduces the impurities. Deng et al. [121]
reported a [Ta] concentration of 0.04 ± 0.01 at. % in ScN,
which was also observed in sputter-deposited ScN thin films
[114]. [Ta] concentration remained relatively unchanged with
respect to the changes in Ta-target lifetime. However, [F]
concentration decreases from 3 ± 1 to <0.5 at. % over the
sputter target lifetime.

The thermodynamics and defect formation energies of
several of these foreign impurities have been calculated by
Kumagai et al. [185]. Results showed that the formation
energies of both the FN and HN impurities are negative for
the whole range of Fermi-level position in Sc rich deposition
conditions (see Fig. 14). FN was found to be a double donor,
consistent with recent observations that FN doping introduces
carrier electrons up to 1.3 × 1021 cm−3 in sputter-deposited
ScN. Similarly, HN impurities form a multicenter bonding
with six Sc neighbors and act as a double donor, which
is found in some other III-nitride semiconductors as well.
At nitrogen rich conditions, HN preferentially locates at the
interstitial site near nitrogen with the N-H bond distance of
1.03 Å.

VI. COMPENSATION OF NATIVE DONOR DOPING
IN ScN: p-TYPE Sc1-xMgxN

Preferential doping of semiconductors with electron (n-
type) and hole (p-type) carriers is one of the most funda-
mental requirements for its applications in solid-state de-
vices such as pn junctions [193–195], light emitting diodes
[196–198], semiconductor lasers [199,200], thermoelectric
device modules [180,201], etc. Preferential p-type doping of
wurtzite-nitride semiconductors such as GaN was challeng-
ing in the early years of its development. However, Amano
et al. [202] demonstrated Mg doped p-type GaN growth by
electron-beam irradiation, and later research by Nakamura
et al. [203] demonstrated p-type GaN thin-film growth by
annealing MOCVD deposited Mg doped GaN thin films in-
side N2 and NH3 environments. It is a well-established fact
now that the development of p-type GaN was instrumental
in GaN’s eventual rise as perhaps the most famous nitride
semiconductor, and paved the way for the demonstration of
highly efficient light emitting diodes that transformed our
society with solid-state lighting [204,205]. Therefore, for ScN
to achieve wide scale industrial applications there is no doubt
that preferential and easy to achieve n-type and p-type doping
would be absolutely necessary.

All initial attempts to develop p-type ScN thin films in the
1970s were not successful. Dismukes [72] tried to deposit
p-type ScN thin films during HVPE growth process by the
addition of C and Si as dopants during the growth process.
However, no p-type carrier conversion occurred, nor was
the high electron concentration reduced. Further efforts to
perform postgrowth annealing of ScN thin film at 1000 ◦C

in the atmosphere of p-type dopants such as Zn or Mg or in
vacuum were also not successful in achieving a p-type ScN
film. Annealing of ScN in Zn-vapor for 1 h showed no appre-
ciable changes on the electrical properties, while annealing in
Mg-vapor reduced the carrier concentration from 2.3 × 1020

to 1.1 × 1020 cm−3 and significantly increased Hall mobility
from 19 to 158 cm2/V s. Annealing in vacuum, on the other
hand, proved to be detrimental with an increase in electron
concentration and reduction in carrier mobility. In no case
could the authors achieve p-type doping in ScN thin film.
Even though research in ScN stagnated for the next few
decades, subsequent growth of ScN thin film with MBE and
magnetron sputtering starting in the 1990s and early 2000s
also did not address the p-type doping.

Saha et al. developed p-type ScN thin film by reactive
magnetron cosputtering with the incorporation of MgxNy [33]
and MnxNy [86] inside a ScN thin-film matrix. Physical
properties of p-type Sc1-xMgxN and Sc1-xMnxN films were
also studied with a motivation to develop electronic, opto-
electronic, and thermoelectric devices. Results showed that
with an initial increase in the MgxNy concentration from 0
to ∼2.5 at. % room-temperature resistivity of the Sc1-xMgxN
films increased from ∼0.3 to more than 7 × 103 m� cm,
which amounts to a more than 104-factor increase (see
Fig. 15). Such resistivity increase was also associated with
decrease in the electron concentration from ∼6 × 1020 cm−3

for undoped ScN thin film to ∼2 × 1018 cm−3 for x ∼ 0.017.
Further increase in MgxNy concentrations inside ScN film
resulted in an electron-to-hole carrier type transition with
resistivity decreasing to 2 m� cm with increased MgxNy con-
centrations. Decrease in resistivity was associated with an in-
crease in hole concentrations to a maximum 2.2 × 1020 cm−3

for p-type Sc1-xMgxN thin-film alloys. Hall mobility was
found to decrease initially from ∼63 cm2/V s to less than
∼5 cm2/V s with an increase in MgxNy content in the n-type
carrier transport regime. However, mobilities recovered to a
moderate 10–20 cm2/V s range for samples with high hole
concentrations.

Structural characterization of the Sc1-xMgxN thin films
with high-resolution XRD and high-resolution transmission
electron microscopy (HRTEM) also revealed [86] that the
alloy films are substitutional solid solutions without any
MgxNy precipitations, phase separations, or secondary phase
formations, and exhibited rocksalt crystal structure with lat-
tice constants that are very close to that of undoped ScN.
Optical characterization with UV-visible spectroscopy mea-
surements showed direct band-gap optical absorption in pure
ScN and in all n-type and p-type Sc1-xMgxN thin-film alloys.
No signature of any sub-band-gap absorption was observed,
which demonstrates that MgxNy incorporation inside the ScN
matrix does not add any defect states inside ScN’s direct
band gap or alter its basic band structure. The role of Mg
doping was to act as an electron acceptor that reduces car-
rier concentration of pure ScN and eventually leads to p-
type Sc1-xMgxN thin-film alloys. Irrespective of the carrier
type, all Sc1-xMgxN thin-film alloys exhibited a direct gap
of ∼2.25 eV, which is the same as a direct band gap of
pure ScN and supports the observation that the underly-
ing electronic structure of ScN is unchanged after MgxNy

incorporation.
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FIG. 15. (a) Variation of room-temperature resistivity (ρ) and carrier concentration (n or p) as a function of Mg target power and MgxNy

concentration inside the ScN matrix. (b) Variation of room-temperature mobility and Seebeck coefficient (S) as a function of Mg target power
and MgxNy concentration inside the ScN matrix. Reproduced with permission from Ref. [86].

Temperature-dependent resistivity measurements showed
that with an increase in temperature from 300 to 850 K,
and similar to the case of undoped ScN (see Fig. 5), p-
type Sc0.962Mg0.038N thin film (having the largest hole con-
centration) exhibits an increase in resistivity from ∼2.5 to
∼6 m� cm amounting to an approximately three-factor in-
crease (see Fig. 16). Such increase in resistivity is represen-
tative of degenerate semiconducting or semimetallic nature.
Subsequent modeling analysis revealed that heavy hole dop-
ing pushes the Fermi level inside the valence band of ScN,
which gives rise to the increase in resistivity with the increase
in temperature. It is similar to the case of undoped ScN, where
unwanted oxygen impurities push the Fermi level from the
middle of the band gap to inside the conduction band. Hall
mobility of the films decreased from ∼20 to ∼8 cm2/V s
corresponding to the same increase in temperature, and ex-
hibited an exponent of −0.71, which is consistent with alloy
scattering of holes at higher temperatures. The hole concen-
trations remained relatively unchanged with the increase in
temperatures.

Temperature-dependent Seebeck coefficients and thermo-
electric power factors of both n-type and p-type Sc1-xMgxN
thin films have been investigated in detail [87], and results
were explained with modeling analysis. All n-type and p-
type Sc1-xMgxN thin films exhibited high Seebeck coefficient
values. For p-type Sc0.962Mg0.038N, the Seebeck coefficient
increased from ∼50 μV/K at 300 K to ∼225 μV/K at 850 K
amounting to an approximately four-factor increase. Such
large Seebeck coefficients resulted in high thermoelectric
power factors of 7 × 10−4 to 8 × 10−4 W/m K2 at 700–850 K
in p-type Sc0.962Mg0.038N thin film. Power factors of other
p-type Sc1-xMgxN thin films were also large due to their high
Seebeck coefficients.

Optimized power factors calculated by adjusting the carrier
concentrations in n-type and p-type film showed (presented in
Fig. 17) that the experimental power factors were close to the
theoretically predicted optimum values, which meant that the
carrier concentrations were already at the optimal level. Mod-
eling analyses also revealed that for p-type Sc0.962Mg0.038N
thin film the Fermi level was ∼0.2 eV below the valence-band
maxima, which is similar to the case for pure-ScN, where
the Fermi level was found to be 0.06–0.12 eV above the

conduction-band minima at 800 K. A plot of Fermi-level
position with respect to the doping level in ScN at 800 K (pre-
sented in Fig. 17) also shows that the carrier concentrations
for both n-type and p-type doping need to be reduced to below
3 × 1019 to 4 × 1019 cm−3 if the Fermi level is to be pushed
inside the band gap.

The effects of p-type dopants on the electronic struc-
ture of ScN were also evaluated [186] using first-principles
DFT based calculations. For nitrogen rich conditions MgSc

exhibited a shallow acceptor behavior. Furthermore, MgSc

was found to be lower in energy than VN in the band gap,
suggesting that Mg is a good acceptor dopant in ScN. Elec-
tronic structure calculations also revealed that for 3.125% Mg
doping the Fermi level moves from the band gap to inside
0.4 eV below the valence-band maxima, which is consistent
with experimental observations.

Apart from Sc1-xMgxN, p-type Sc1-xMnxN thin-film alloys
were also developed [33] with the incorporation of MnxNy

inside the ScN matrix. Mn doping was found to exhibit
midgap defect states, and altered the basic band structure of
ScN significantly. Moreover, the amount of Mn required to
achieve p-type Sc1-xMnxN was also relatively larger in the 5.8
to 11% range. Nevertheless, both Mg and Mn doping in ScN
proved to be effective for producing p-type ScN thin films,
which will undoubtedly further the prospects of ScN based
electronic and optoelectronic device technologies.

VII. ScN-WURTZITE (III-NITRIDE) ALLOYS

Several ScN-wurtzite (III-nitride) semiconductors [206]
(such as wurtzite-Al1-xScxN, wurtzite-Ga1-xScxN, rocksalt-
Al1-xScxN, etc.) have attracted interest in recent years for
applications in piezoelectric materials [207] for surface and
bulk acoustic resonators, micromachined ultrasound transduc-
ers [208], epitaxial metal/semiconductor superlattice growth
[60,209], etc. In this section, we will discuss the physical
properties of ScN (III-nitride) solid solution alloys.

A. Wurtzite Al1-xScxN: Piezoelectric materials and devices

As the demands for higher-temperature sensors are in-
creasing drastically for applications in automobiles, aircrafts,
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FIG. 16. Temperature-dependent (a) electrical resistivity, (b) mobility, and (c) carrier concentration of p-type Sc0.962Mg0.038N alloy films.
Reproduced with permission from Ref. [86].

turbine engines, monitoring of furnaces, turbine systems,
etc., piezoelectric materials have become increasingly attrac-
tive and important [210–212]. It is a well-established phe-
nomenon that materials with higher piezoelectric coefficients
possess lower Curie temperatures [65,213]. For example, the
Curie temperature and piezoelectric coefficient d33 of lead
zirconium titanate (PZT), which is widely used in many
electronic devices, are 250 ◦C and 410 pC N−1, respectively
[214]. Similarly, AlN exhibits a Curie temperature of 1150 ◦C,
but with significantly lower piezoelectric coefficient d33 of
5.5 pC N−1 [215]. Therefore, designing materials that exhibit
both higher Curie temperature and larger piezoelectric re-
sponse will greatly improve many piezoelectric devices such
as acoustic resonators, sensors, etc.

Among the III-nitride semiconductors, AlN exhibits the
maximum piezoelectric coefficient and has already at-
tracted significant interest for applications in micro-electro-
mechanical (MEMS) devices. Akiyama et al. [65,213] demon-
strated (see Fig. 18) that the piezoelectric coefficients of AlN
can be increased by more than 400% with the incorporation
of ScN inside the AlN matrix. The piezoelectric coefficient
d33 of Al1-xScxN alloy film was measured to be 27.6 pC N−1,
which is the highest among the reported tetrahedral bonded

FIG. 17. Optimized (a) thermoelectric power factor and (b)
Fermi energy plotted as a function of the n-type and p-type carrier
concentrations inside ScN at 800 K. The Fermi energy positions
are referenced with respect to the conduction- and valence-band
edges. The figure shows that power factor values at high temperatures
(800 K) are already optimized with respect to the carrier concentra-
tion in the n-type and p-type films. Reproduced with permission from
Ref. [87].

semiconductors. Moreover, the piezoelectric coefficients re-
mained unchanged even after annealing the alloy at 550 ◦C
for more than two days in vacuum. Piezoelectric properties
of sputtered-deposited Al1-xScxN thin films were also mea-
sured as a function of scandium nitride concentrations, which
showed that the hexagonal intermediate phase of Al1-xScxN
alloys demonstrates the largest piezoelectric response.

The origin of such large enhancement in the piezoelectric
response was investigated with first-principles DFT based
calculations [63,207,216–219], which showed that the in-
crease is an intrinsic alloying effect. Alloying was found to
influence the energy surface topology, which leads to large
elastic softening along the crystal parameter c and raises
significantly the intrinsic sensitivity to axial strain that re-
sulted in the enhanced piezoelectric coefficients. Modeling

FIG. 18. Influence of Sc concentration on crystal growth of
ScxAl1-xN alloys at Sc concentrations of (a) 41%, (b) 42%, (c)
43%, and (d) 45%. For Sc concentration below 41%, the structure
is hexagonal, above 46% the structure is cubic, and between 42 and
45% both the cubic and hexagonal structure are present. (e) Variation
of piezoelectric response d33 as a function of Sc concentration,
showing maximum response at 43% Sc concentration. Reproduced
with permission from Ref. [65].
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also revealed that the flattening of the energy landscape was
a consequence of the competition between the parent wurtzite
and the so far experimentally undiscovered hexagonal phase
of the Al1-xScxN alloy that was responsible for this large
enhancement in piezoelectricity.

Al1-xScxN alloy based surface acoustic wave (SAW) de-
vices with enhanced performance have also been demon-
strated recently, highlighting their potential applications in
MEMS based energy harvesting devices [26,67,220,221].
Compared to an AlN based SAW device, the Al1-xScxN
alloy devices exhibited much better transmission properties
[222,223]. The electromechanical coupling coefficient K2 was
also found to be in the range between 2.0 and 2.2% for
a wide normalized thickness range, which is a more than
300% increase when compared to that of an AlN based SAW
device. Similarly, acoustic delay lines based on piezoelectric
Al1-xScxN thin-film hybrid transducers are also investigated
[224] with modeling analyses. Results showed that such a
novel hybrid resonator in which a bulk acoustic wave trans-
forms into a SAW due to the special pillars patterned on the
piezoelectric Al1-xScxN thin film should be promising due
to the high electromechanical coupling of greater than 4%
[208,225].

B. Wurtzite Ga1-xScxN

Ga1-xScxN alloy films have been developed [226,227]
by the solid-state alloying between GaN and ScN mainly
by MBE method, and exhibited different crystal structures
depending on the ScN concentration inside the Ga1-xScxN
matrix [228–230]. Dismukes and Moustakas [231] showed
that GaN and ScN should be highly soluble in one another
in the rocksalt crystal structured Ga1-xScxN phase, and the
wurtzite crystal phase was stable for up to an intermediate
ScN concentration. Calculations [229,232] also suggested a
precise phase transition point at x = 0.26 for Ga1-xScxN be-
yond which the alloy undergoes a wurtzite-to-rocksalt struc-
tural phase transition.

Little and Kordesch [233] used reactive magnetron sputter-
ing to deposit Ga1-xScxN alloy thin films on quartz substrates.
XRD analysis revealed that the films exhibit amorphous and
polycrystalline structure for 0.2 < x < 0.7, and the direct
band gap was found to decrease linearly from 3.5 to 2 eV
with an increase in the ScN concentrations. Radio-frequency
plasma nitrogen source MBE deposited films under nitrogen
rich conditions revealed three crystal phases—(a) wurtzite-
like (x < 0.17), (b) transitional (0.17 < x < 0.54), and (c)

rocksalt (x > 0.54)—in Ga1-xScxN thin films and a linear
decrease in band gap with increasing ScN concentrations con-
sistent with the observations by Little et al. (see [234]). MBE
deposited Ga1-xScxN thin-film alloys by Knoll et al. [230,235]
contained high densities of a-type threading dislocations bent
at the interfaces, which relax the misfit strains (see Fig. 19).
All deposited films (having x = 0.08) were also found to
be unintentionally n doped and PL measurements showed
that they emit at 362 nm. Dislocation densities were found
to be comparable to the GaN template and a significantly
higher density of I1-type basal plane stacking faults and planar
defects were observed in the film with x = 0.06 [235,236].

Valence-band offsets between Ga1-xScxN/AlN and
Ga1-xScxN/GaN heterojunctions were also measured with
XPS based analysis [237,238]. Results showed that the
valence-band offset for Ga1-xScxN/AlN heterojunctions
increased from 0.42 to 0.95 eV with an increase in the Sc
concentration from 0 to 1.5%. Such increases in the band
offsets were due to the internal distortions in bonding that
result from the introduction of ScN into the GaN matrix
[238]. The type-I band alignments in Ga1-xScxN/AlN are
suitable for UV optoelectronic applications [239,240]. On the
other hand, type-II alignment was determined between the
Ga1-xScxN/GaN interfaces, which could expand the range of
its applications [234,241–243].

C. Rocksalt Al1-xScxN

Unlike its wurtzite counterpart, rocksalt-Al1-xScxN has
attracted little attention [244,245]. Early reports [244,246]
have showed that magnetron sputtered Al1-xScxN alloy films
deposited on sapphire and MgO substrates stabilize in rocksalt
structure for maximum AlN mole fractions up to 60%. Further
increase in AlN mole fractions leads to phase separation of
Al1-xScxN into rocksalt and wurtzite structures, before even-
tually converting the alloys into complete wurtzite structured
grains [245,247,248]. Postgrowth annealing of Al0.43Sc0.57N
thin film at 1000–1100 ◦C also resulted in phase separations
into nonisostructural cubic-ScN and wurtzite-structured AlN
phase via nucleation and growth at grain boundaries due to
volume mismatches. With an increase in AlN mole fraction
from 0 to 50%, the lattice constants of the rocksalt-Al1-xScxN
alloy were found to decrease from 4.52 to 4.30 Å (see Fig. 20),
which matches well with theoretical calculations. Such a
decrease in lattice parameters is not surprising given that the
stable rocksalt ScN exhibit a lattice constant of 4.52 Å, while
rocksalt-AlN, though it is not stable at ambient conditions

FIG. 19. Cross-sectional weak-beam dark field TEM images of ScxGa1-xN (x = 0.08) on the GaN template revealing c, (a+c) threading
dislocations (0002) and a, (a+c) threading dislocations. Reproduced with permission from Ref. [226].
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FIG. 20. Direct band gap of the rocksalt-AlxSc1-xN alloys pre-
sented as a function of their lattice constants. Lattice parameters
of the rocksalt metallic nitrides are also plotted in the same figure,
which show that the rocksalt-AlxSc1-xN can be lattice matched with
most other metallic TMN for superlattice growth. Reproduced with
permission from Ref. [60].

and can only be stabilized at high pressures, exhibits a lattice
parameter of 4.08 Å [249–251].

The maximum AlN mole fraction required to stabilize
Al1-xScxN alloys in rocksalt phase was further increased from
60% to ∼84% with epitaxial stabilization technique by de-
positing a thin 20-nm TiN seed layer on (001) MgO substrates
[60]. Reduced lattice mismatch at TiN/rocksalt-Al1-xScxN
interfaces and decreased bond polarity mismatches resulted
in metastable rocksalt Al1-xScxN alloy films with 0.62 < x <

0.82. HRTEM imaging showed that rocksalt-Al0.72Sc0.28N
alloys grow with a cube-on-cube epitaxial relationship on
TiN/MgO substrates without any signature of misfit dislo-
cations. Critical thickness for stabilizing the rocksalt phase
was found to exceed more than 120 nm for an Al0.72Sc0.28N
thin film deposited on 20-nm TiN/MgO substrate. At an AlN
mole fraction of more than ∼84%, Al1-xScxN thin films, how-
ever, undergo metastable-rocksalt to stable-wurtzite structural
phase transition.

Microstructural evolution and epitaxial relationships dur-
ing such metastable-rocksalt to stable-wurtzite structural
phase transformation were also determined with HRTEM
analysis [252]. An Al1-xScxN alloy film was deposited on
TiN/MgO substrates at a composition chosen to be at the
phase boundary between the rocksalt and wurtzite phases,
and a thin-film snapshot of the transformation was captured
with HRTEM. Microstructural information revealed that the
transformation was triggered by defects at the rs-{01̄1} growth
front that offer a nearly invariant plane with respect to the
parallel w-{21̄1̄0} planes. Pyramidal rocksalt-Al1-xScxN re-
gions surrounded by the wurtzite-Al1-xScxN matrix with twin-
ing relationships were also found. As most other III-nitride
semiconductors exhibit a wurtzite-to-rocksalt structural phase
transition upon applications of hydrostatic pressure inside di-
amond anvil cells, where a detailed microscopy analysis is not
always feasible, the epitaxial and microstructural information
obtained with Al1-xScxN thin-film alloys is expected to carry
over to such systems.

In terms of the electronic properties, with an increase in
AlN content, resistivity of the Al1-xScxN alloy films increased

by more than two orders of magnitude within the rocksalt
phase. A sharp decrease in the Hall mobility and appreciable
changes in the carrier concentrations were also observed.
However, as the alloys undergo the rocksalt-to-wurtzite struc-
tural phase transitions, the resistivity of the wurtzite films
increased by six to ten orders of magnitude with an associated
order-of-magnitude decrease in carrier concentrations. Simi-
larly, optical properties such as direct band gap and dielectric
permittivity of Al1-xScxN alloy films were also evaluated [60].
The direct band gap was found to increase with increase
in AlN mole fractions from 2.2 eV to ∼4 eV within the
rocksalt crystal structure composition range, and exhibited
a moderate band-gap bowing with a bowing parameter of
1.4 ± 0.19 eV, which is close to other III-nitride alloys such
as (Al, Ga)N, (In, Ga)N, etc. Interpolation of the results also
showed that rocksalt-AlN would exhibit a direct band gap
of 4.70 ± 0.20 eV, which is close to the theoretical predic-
tion of 4.99 eV. Spectroscopic ellipsometer measurements
revealed that the dielectric permittivity of the Al1-xScxN alloys
decreases with an increase in the AlN mole fractions as
expected.

VIII. METAL/SEMICONDUCTOR HETEROEPITAXY:
(Zr,Hf)N/ScN MULTILAYERS AND TiN/(Al,Sc)N

SUPERLATTICES

Defect-free and lattice-matched single-crystalline superlat-
tice growth requires that the component materials (metallic
and semiconducting layers) should exhibit several criteria
such as (a) similarity in the crystal structure, (b) closely
matched lattice constants, (c) low surface and interface energy
density, etc. [253]. TMNs are composed of several metallic
nitrides [27] (such as TiN, ZrN, HfN, VN, etc.) that exhibit
rocksalt crystal structure with lattice constants varying from
4.05 to 4.60 Å (see Fig. 20). Therefore, the development of
rocksalt-Al1-xScxN with lattice constants ranging from 4.15 to
4.52 Å paves a way to lattice-match most of the TMN metals
with rocksalt-Al1-xScxN (see Fig. 20). For example, ScN (a =
4.52 Å is lattice-matched to metallic HfN (a = 4.52 Å and has
a very small mismatch with ZrN (a = 4.59 Å).

Epitaxial lattice-matched ZrN/ScN and HfN/ScN
metal/semiconductor multilayers were deposited on
(001) MgO substrates by reactive magnetron sputtering
[61,84,254,255]. XRD analysis revealed that the multilayer
films grow with (002) orientations, and exhibit c-axis lattice
constants of 4.52 and 4.55 Å, respectively, which is an
average of the individual layer’s lattice parameters [61].
XRD also showed the presence of interference fringes
suggestive of layer-by-layer epitaxial crystal growth with
atomically sharp interfaces. Close inspection of the multilayer
structures with HRTEM, however, revealed that ∼6% lattice
mismatch between the nitrides and the MgO (a = 4.21 Å
substrate results in threading dislocations that originate at
the HfN/MgO interface and propagate through the films to
the multilayer surfaces [84,256] (shown in Fig. 21). Due to
the presence of such high densities of threading dislocations
(1011 cm−2) reproducible electrical measurements along the
cross-plane directions were difficult to achieve.

Development of rocksalt-Al1-xScxN alloy films has suc-
cessfully addressed the lattice-mismatch issue and the
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FIG. 21. (a) XRD spectrum of the HfN/ScN multilayer showing
002-oriented film growth. (b) HRTEM micrograph of the HfN/ScN
multilayer showing threading dislocations that originate at the mul-
tilayer/MgO interface and propagate through the multilayers to the
surface. (c) The inset from (b) shows that along the defect lines
individual layers curve towards the MgO substrate. Reproduced with
permission from Ref. [84].

associated effects of threading dislocations. Rocksalt-
Al1-xScxN with x = 0.72 exhibits a lattice constant a =
4.25 Å, which is very close to the lattice parameter of one of
the most famous TMNs, TiN (a = 4.24 Å). At the same time,
MgO substrate exhibits rocksalt structure and a lattice con-
stant a = 4.21 Å, which is very close to the lattice parameters
of the nitrides.

Epitaxial lattice-matched TiN/Al0.72Sc0.28N metal/
semiconductor superlattice heterostructures were deposited
on (001) MgO substrates by UHV magnetron sputtering
[59,60,257]. XRD analysis showed (see Fig. 22) that the
films grow with (002) orientations with a very small (0.05◦)
FWHM of the rocking curve suggestive of a small degree of
mosaicity. RSM exhibited that the asymmetric (024) peaks
of the superlattice and MgO are all aligned vertically, which
means that along the in-plane directions lattice constants of
the substrate, TiN, and Al0.72Sc0.28N are all fixed at 4.21 Å,
while along the cross-plane directions only a slight relaxation
was observed with TiN exhibiting a c-axis lattice constant
of 4.23 Å and Al0.72Sc0.28N alloys exhibiting a c-axis lattice
constant of 4.25 Å. HRTEM imaging showed cube-on-cube
epitaxial crystal growth with sharp and abrupt interfaces.
Detailed characterization about thermal, optical, mechanical,
and electronic properties of the superlattices was also

performed [174,209,258], which highlighted the potential
and suitability of such novel metamaterials in solid-state
energy transport and conversion research fields such as in
plasmonics [259–261], thermoelectricity [262–265], etc.
However, a detailed discussion of the physical properties of
the superlattices is beyond the scope of this research update
and can be found in Ref. [266].

IX. CONCLUSION AND FUTURE PERSPECTIVE

In conclusion, scandium nitride (ScN) is an emerging
rocksalt group 3-nitride semiconductor and shows promise for
the next generation thermoelectric, electronic, and optoelec-
tronic device technologies. Rocksalt (cubic) crystal structure,
indirect band gap, and ability to preferentially dope ScN
with n-type and p-type carriers will enable several electronic
and optoelectronic devices with improved efficiencies. At the
same time, successful demonstration of ScN based epitax-
ial metal/semiconductor heterostructure and superlattices is
expected to innovate new physics concepts and device tech-
nologies. Though several challenges related to materials and
devices remain to be addressed, here we will discuss a small
number of opportunities in ScN research that would bene-
fit development of ScN based practical device applications,
including applications where ScN is expected to outperform
other semiconducting materials.

A. Metallic nanoparticle inclusion in ScN for thermoelectric
and terahertz applications

Epitaxial metallic nanoparticles embedded inside a semi-
conducting host demonstrate a range of interesting properties.
For example, the presence of (semi) metallic nanoparticles
can donate carriers, pin the Fermi level, shorten electron-hole
recombination rates, enhance electron tunneling, and increase
scattering of phonons in semiconductor host layers, which
leads to efficient thermoelectric, plasmonic, and terahertz
optoelectronic devices. Metallic nanoparticle inclusion inside
ScN could improve its thermoelectric properties, as well as
enable ScN based terahertz sources, detectors, and modula-
tors. Heavy metal inclusion (such as W, Mo, or Hf) inside ScN
would presumably reduce its thermal conductivity. Suitable
metallic nanoparticles may also act as a Schottky barrier
inside ScN that filters out low-energy electrons to increase
the Seebeck coefficient, and hence improve its thermoelectric
figure-of-merit. Similarly, metallic nanoparticle inclusion in-
side ScN (similar to the rare-earth semimetallic ErAs incorpo-
ration inside GaAs based III-arsenide semiconductors) could
also result in photoconductive switches, detectors, etc., for ter-
ahertz optoelectronics with tunable spectral ranges [267,268].

B. ScN electronic devices

As ScN exhibited degenerate semiconducting or (semi)
metallic characteristics with high carrier concentrations
(∼1020–1021 cm−3 at room temperature) for several decades,
not much progress has been made in developing ScN based
electronic devices such as diodes, transistors, etc. However,
with the recent progress in hole doping that reduces carrier
concentration, and development of p-type ScN thin film, it
should be possible to develop basic electronic devices such
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FIG. 22. XRD spectra of a 20-nm/20-nm TiN/Al0.72Sc0.28N superlattice that exhibits 002-oriented growth. Superlattice satellite peaks are
clearly observed indicating sharp interfaces. (b) Reciprocal space XRD map of the superlattice. Reproduced with permission from Ref. [257].

as pn junctions, Schottky barriers, and transistor devices with
ScN as the semiconducting material. Since ScN exhibits an
indirect band gap of ∼0.9 eV and dielectric permittivity of
12.3, which is similar to Si, it may be possible that ScN based
electronic devices find some applications in industries.

C. Refractory electronics and plasmonics with ScN

Refractory materials [269] in materials science refer to
those materials that exhibit (a) high melting temperatures
(>2000 ◦C), (b) stability at high operating temperatures, re-
taining their physical and chemical properties, and (c) stable
and preferential good contacts with other high-temperature
materials. Such materials are useful in many industrial ap-
plications such as in combustion systems, well logging, in-
dustrial processes, supersonic aircrafts, and dense electronic
packaging industries. A good refractory semiconducting ma-
terial must exhibit several criteria, such as (a) large band
gap, (b) ease of doping preferentially with p-type and n-type
carriers, (c) large breakdown voltage, (d) ease of fabrication,
as well as (e) preferential and stable Ohmic and Schottky
contacts with other metals at high temperatures [270]. Due
to such stringent requirements only a few semiconductors like
diamond, SiC, and GaN are traditionally used as refractory
semiconductors.

ScN exhibits a high melting temperature in excess of
∼2600 ◦C, and a direct band gap of 2.2 eV, and can be
preferentially doped with both n-type and p-type carriers.

Moreover, metal/ScN epitaxial contacts have also been de-
veloped (discussed earlier) that are stable at high operating
conditions. Therefore, ScN and its heterostructures could be
explored for high-temperature electronic applications. How-
ever, the band gap of ScN is not as large as that of the
other well-known high-temperature materials and this might
limit its applications to medium-temperature ranges. At the
same time oxidation of ScN at high temperatures could be
challenging. Therefore, much research effort will be needed
to explore ScN’s refractory applications, and effective coating
materials and processing methods needs to be developed.

Integration of ScN with other transition-metal nitrides like
TiN, ZrN, etc., may also lead to refractory plasmonic het-
erostructure devices for harvesting solar energy in solar photo-
voltaic and solar thermophotovoltaic devices [271–273]. For
example, TiN is a promising alternative plasmonic material
for Au in the visible spectral range, and TiN/Al0.72Sc0.28N
metal/semiconductor superlattices have demonstrated hyper-
bolic metamaterial properties. Their high-temperature prop-
erties could be investigated, which may result in promis-
ing refractory plasmonic devices with ScN as a component
material.
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