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ScAIN and ScGaN alloys are wide band-gap semiconductors which can greatly expand the options for
band gap and polarisation engineering required for efficient III-nitride optoelectronic devices, high-
electron mobility transistors and energy-harvesting devices.
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wide band-gap semiconductors which can be stabilised at the low Sc contents relevant to
devices, can be grown epitaxially, include the lattice-matched Sc 13Al, 5,N/GaN system, retain
direct band gaps in the near-UV region up to 25% ScN and 50% ScN respectively, and should

offer significantly higher exciton binding energies and piezoelectric coefficients compared to
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other Ill-nitrides. These properties greatly expand the options for band gap and polarisation

engineering required for efficient optoelectronic devices, high-electron mobility transistors and

energy-harvesting devices.

Introduction

Motivations for developing Sc-based nitrides

The conventional wurtzite-structure group-III nitride materials
InN, GaN and AIN are currently used widely in energy
applications. For example, InGaN-based blue and green light
emitting diodes (LEDs) have enabled energy-efficient solid-
state lighting [1, 2], while AlGaN-based ultraviolet LEDs are of
emerging interest for energy-efficient water treatment
applications [3]. Recently, AlGaN- and InAIN-based high
electron mobility transistors have become important for energy-
efficient power electronics [4]. Furthermore, AIN and related
nitride materials perform very well in energy harvesting
RF devices and

piezoelectric applications [5].

devices, in lead-free, high-temperature,
The III-nitrides are also of

growing interest as thermoelectric materials [6, 7].

However, the restricted range of III-nitride material properties
limits the performance of these devices. For example, the
internal quantum efficiency of Ill-nitride-based LEDs and
lasers is limited by the quantum-confined Stark effect (QCSE),
which produces a spatial separation of electron and hole
wavefunctions within the light-emitting quantum well region of
the device [8, 9]. This effect occurs due to a mismatch in the
internal polarisation of the different IIl-nitride materials at
interfaces in epitaxial heterostructures. The QCSE can be
reduced using alternative ‘non-polar’ and ‘semi-polar’ thin film
crystallographic orientations, or by using device designs which
produce improved electron-hole wavefunction overlap [10, 11].
This effect is also associated with a reduction in internal
quantum efficiency with current

increasing operating

(‘efficiency droop’): considerable research effort is currently
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under way to counteract efficiency droop through optimisation
of device design [12, 13, 14].

In practice though, it is difficult to tune the internal polarisation
of the materials widely enough to compensate for this effect
because either the band gaps or the lattice constants become
unsuitable when the composition of either layer in a
heterostructure is changed. In-plane lattice mismatches lead to
interfacial strain and ultimately the formation of misfit
dislocations at heterointerfaces. Dislocation densities can be
reduced using nanopatterned substrates [15, 16] and interlayers
[17], but still remain significantly higher than in devices based
on other semiconductors (e.g. GaAs). These dislocations reduce
device efficiencies, reliabilities and lifetimes [18, 19, 20, 21]
and are associated with poor efficiencies in the green and
ultraviolet spectral regions [1, 3]. Similarly, the performance of
AIN and related materials in energy harvesting applications is
limited by its relatively low piezoelectric coefficients [5]. These
issues have motivated the search for additional tetrahedrally-
bonded nitride materials which might offer additional degrees
of freedom for tuning the piezoelectric coefficients and which
could offer wider options for lattice- and polarisation-matching
in device heterostructures. We propose that these goals could be
realised using an additional family of wurtzite-structure III-
nitride materials based on Sc.

Why scandium?

The properties of the Group III nitrides could be extended most
straightforwardly by replacing either the Group III cation or the
Group V anion. However, P has a very low solubility in GaN
[22] and the solubility of the remaining Group V elements is
even lower. Similarly, the remaining Group III elements B and
Tl have low solubilities in GaN and AIN and there are further

J. Name., 2013, 00, 1-3 | 1

Page 2 of 10



Page 3 of 10

concerns regarding the toxicity and poor volatility of Tl-based
metalorganic precursors.

Alternatively, transition metals with an oxidation state of +3
could replace the Group III elements. Alloys between transition
metal nitrides (TMNs) and the semiconducting Group III
nitrides AIN and GaN are already known. Rock-salt structure
TMNs themselves are of interest as thermoelectric materials
[23, 24, 25, 26], while rock-salt structure TMN-AIN alloys are
used extensively in hard coatings [27]. Dilute wurtzite-structure
TMN-AIN and TMN-GaN alloys have also been investigated as
magnetic semiconductors [28]. The stability of these alloys is
known to depend on the size mismatch between the transition
metal and the Group III element and on electronic effects [27].
Research efforts have concentrated on transition metals from
the first row of the d-block in the Periodic Table, as these have
the smallest atomic size mismatch with Al and Ga. Although
bonding in TM-AIN alloys is complex, some general trends can
be identified. At dopant concentrations, the TMs introduce
localised states within the band gap [29], while at higher
concentrations the conduction band in the resulting wurtzite-
structure TMN-AIN alloys becomes dominated by partly-filled
TM 3d states and hence the Fermi level lies inside the
conduction band [29, 30]. This leads to metallic properties and
to reduced phase stability (due to occupation of anti-bonding
states). It is difficult to accurately determine TMN solubilities
in IlI-nitrides due to the experimental difficulty of detecting the
onset of formation of secondary phases, but solubility limits in
GaN and AIN are known to be quite low, ranging from 0.4%
for FeN in GaN [31] to around 4% for MnN in GaN [28, 32]
and even lower in general for TMNs in AIN [33, 34, 35, 36].

Unlike the other 4™ row transition metals, Sc in its usual +3
oxidation state has empty 3d orbitals, so its chemical behaviour
is between that of transition metals and Group III elements
[37]. For example, although ScN has the same rock-salt crystal
structure and a very similar band structure compared to other
TMNs [38], Sc has fewer valence electrons and so the Fermi
level in ScN drops below the conduction band edge, leading to
semiconducting behaviour instead of the metallic properties of
other rock-salt TMNs. Indeed, both theory [39, 40] and
experiment [41, 42] show clearly that ScN is a semiconductor
with a fundamental indirect gap of 0.9 eV and a direct gap of
2.1 eV, which can be incorporated directly into III-nitride
structures [43] and which can be grown successfully using a
wide range of techniques [44, 45, 46, 47, 48, 49, 50, 51]
(although its band gap can be affected quite strongly by oxygen
incorporation: at low oxygen contents this most likely occurs
via a Moss-Burnstein shift [24, 25, 42]).

This review will now discuss the unique properties of Sc-based
IlI-nitrides which arise from choosing semiconducting ScN
instead of metallic TMNs as an alloy end member. The focus is
on wurtzite-structure ScGaN and ScAIN, as these alloys are
expected to have relatively wide band gaps (of interest for
optoelectronics and high power devices) and as they are
expected to be reasonably easy to create experimentally by
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molecular beam epitaxy (unlike ScInN), as there are only
moderate differences in the vapour pressures of the constituent
metals.

Unique properties of ScGaN and ScAIN alloys

Phase stability

A useful parameter in these binary alloy systems is the TMN
concentration at which the least unstable alloy phase is
This
concentration is usually much higher than the real TMN

predicted to transition from wurtzite to rock-salt.

solubility limit in wurtzite GaN or AIN, but is a useful guide for
comparison with other TMN-III-nitride alloys. Fig. 1 shows
that ScAIN prefers a hexagonal structure up to 56% ScN and
ScGaN prefers a hexagonal structure up to 66% ScN [52]f. The
data for ScAIN are consistent with previous studies focusing on
the phase stability of cubic and hexagonal ScAIN alloys [61].
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Fig. 1. Mixing enthalpies for different ScGaN and ScAIN phases across
the full alloy composition range (from [52]).

ScGaN and ScAIN behave similarly, as expected given the
small lattice parameter difference of about 2% between AIN
and GaN. However, in both cases the wurtzite phase remains
stable up to a significantly higher TMN content than in other
TMN-AIN and TMN-GaN alloys. Using a similar calculation
method, the wurtzite to rock-salt transition was predicted to
occur at lower TMN contents, for example around 31% TiN in
TiAIN [53], 33% CrN in CrAIN [54] and 30% NbN in NbAIN
[29]. This is consistent with the recent prediction that ScN,
when introduced as an impurity into AIN, produces the least
stabilisation of the rock-salt phase of the 4™-row TMNst7t [27].

The greater relative stability of the wurtzite phase in SCAIN and
ScGaN appears to be due to electronic effects. Considering size
effects alone, Sc in the +3 state has a greater ionic radius than
any other 4™ row transition metal in the +3 state and so we
might expect SCAIN to be less stable than other TMN-AIN
alloys. However, electronic effects associated with the empty
Sc 3d orbitals are significant. To illustrate, we can compare
results for wurtzite-structure ScAIN [52] and NbAIN [29]

This journal is © The Royal Society of Chemistry 2012



Journal of Materials Chemistry A

calculated using a similar approach. In ScAIN, the Sc 3d
orbitals contributing to the conduction band are empty and the
Fermi level lies in the gap. There is minimal energetic
stabilisation to be gained by bringing the Sc 3d states into
bonding (even at room temperature where some carriers will be
present in the conduction band), so sp’® hybridisation should be
retained locally at the Sc atoms. In contrast, the Nb 3d states
contributing to the conduction band are partly occupied and
therefore the Fermi level lies inside the conduction band. The
overall energy of the system is then reduced by bringing partly-
filled Nb 3d states into bonding via a trend towards localised
sp’d orbital hybridisation at the Nb atoms. Consistent with
these findings, only a minor local structural distortion away
from wurtzite-like tetrahedral bonding is predicted [52, 55] and
observed in dilute ScGaN, whereas the local bonding around
Nb in NbAIN tends more strongly towards 5-fold coordination
[29]. This structural distortion, along with the high density of
states at the Fermi level (useful as a relative guide to phase
stability [30]), inherently destabilises the wurtzite phase in
NbAIN. A corresponding effect cannot occur in rock-salt TMN-
AIN alloys in which sp’d” hybridisation in involved and large
distortions from octahedral coordination are impossible.
Consequently, a greater relative stabilisation of the wurtzite
phase is expected for ScAIN than for NbAIN or other TMN-
AIN alloys at equivalent TMN concentrations.
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Fig. 2. Predicted compositional regions in which unstrained ScGaN
and ScAIN and strained ScGaN on GaN and ScAIN on GaN (or AIN)
should be stable with respect to spinodal decomposition at around 825
°C (from [52]).

A more accurate but less frequently calculated measure of
phase stability is the TMN concentration at which the wurtzite-
structure TMN-AIN alloy is stable with respect to spinodal
decomposition into Sc-rich rock-salt and Sc-poor wurtzite
phases. This concentration is usually far lower than that of the
wurtzite to rock-salt phase transition. The corresponding values
predicted for unstrained ScAIN and ScGaN are 6% ScN and
11% ScN respectively at typical thin film growth temperatures
of around 825 °C (Fig. 2). Although relatively low, these values
are greater than other TMN-AIN alloys (e.g. TiAIN should

This journal is © The Royal Society of Chemistry 2012

contain less than ~2% Ti to remain stable against spinodal
decomposition at 900 °C [56]) and are closer to unstrained
InGaN, which is used widely in devices [57].

Some experimental data exists for comparison with these
predictions. Most experimental reports describe columnar
ScAIN films with relatively high ScN contents deposited by
magnetron sputtering, a technique which operates far from
equilibrium and where growth temperatures [58] and substrate
effects are known to influence phase stabilities [59]. Sputtered
single-phase wurtzite ScAIN films have been confirmed for
compositions below 20% ScN [60], 22% ScN [61] below 30%
ScN [59, 62] and below 43% ScN [58] depending on growth
conditions. Lower growth temperatures tend to preserve single-
phase material [58, 63]. Mixed phase and purely rock-salt
ScAIN films are reported for higher ScN contents [59, 61, 62,
64]. Other growth methods have been attempted, although there
may be some difficulty with incorporating Sc into AIN [65, 66].

Single-phase wurtzite-structure ScGaN films have also been
reported for ScN contents < 17%, but mixed-phase and rock-
salt films are found at higher ScN contents [67, 68] while one
report indicates only nanocrystalline material across the whole
composition range [69]. This situation is similar to other TMN-
AIN alloys, in which mixed phase films are deposited
frequently and in which reports of the wurtzite - rock salt phase
transition vary widely [29]. Mixed phases appear to occur due
to the statistical variations in local composition expected for
random alloys, combined with the sensitivity of the wurtzite-
rock salt phase transition point to the effects of growth
temperature, stresses and crystal defects [53, 54, 70].
Decomposition of films with average compositions outside the
spinode but inside the binode may also occur via the nucleation
and growth of precipitates, although this process is usually
kinetically inhibited.
Reasonably low defect density epitaxial ScGaN films
approaching device quality have also been reported [71, 72]. In-
plane epitaxial strain is predicted to influence the onset of
spinodal decomposition greatly and should increase the phase-
stable composition range for compressively strained ScAIN on
GaN (or on AIN) to = 40% ScN and ScGaN on GaN up to =
27% ScN (Fig. 2). In fact, the epitaxial strain enhancement of
the phase stability of InGaN films on GaN is essential for
achieving single-phase layers in practice [73, 74].
Consequently, epitaxially strained ScAIN and ScGaN films
suitable for use in semiconductor devices should show much
better phase stability than sputtered films. However, for ScAIN
and ScGaN films with higher ScN contents, there is some
indication that decomposition may proceed via nucleation and
growth, even at compositions where spinodal decomposition is
thermodynamically favoured [75].
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Lattice parameters, electronic structure and band gaps

Sc,Al; N Sc,Ga,; N
R a c Cor.a | a c Cor. a
0 3.125 | 5.010 | 3.111 3.244 5.276 | 3.189
0.0625 | 3.152 | 5.025 3.138 3.262 5.286 | 3.209
0.125 3.180 | 5.037 | 3.166 3.280 5.292 3.230
0.1875 | 3.211 | 5.037 3.197 3.300 5.290 3.253
0.25 3.239 | 5.049 3.225 3.319 5.295 3.274
0.3125 | 3.270 | 5.049 3.256 3.340 5.293 3.297
0.375 3.303 | 5.032 3.289 3.362 5.278 3.323

Table 1. The a and c lattice parameters of wurtzite ScGaN and ScAIN
around the phase-stable compositional region, from [52] and consistent
with [64], including in-plane lattice parameters corrected with respect

to experimental data (‘Cor. a’). All lattice parameter values given in A.

This section now focuses on the hexagonal phases of interest
for electronic device applications. It is important to note that
the c¢/a lattice parameter ratio can vary from =~ 1.6 to 1.2 and the
internal parameter u# can vary from =~ 0.38 to 0.5 within the
wurtzite structure. At the furthest end of this range (c¢/a = 1.2
and u = 0.5) the wurtzite structure changes into a flattened, 5-
fold coordinated nonpolar ‘B’ phase (P63/mmc). For pure ScN,
this nonpolar phase is calculated to be the most stable of the
possible hexagonal phases [76, 77, 78] whereas wurtzite ScN
with the ‘ideal’ c¢/a ratio of ~1.6 is entirely unstable [76].
Consequently, a reduction in the ¢/a ratio and an increase in u is
expected to occur with increasing ScN content for both ScCAIN
and ScGaN, as the structure moves from undistorted wurtzite
(i.e. the stable phase of GaN and AIN) towards the related
hexagonal B, phase (i.e. the metastable phase of ScN). This
means that to accurately predict lattice parameters, it is
essential to relax the c/a ratio and u parameter of the simulation
supercells. As expected, a gradual decrease in the ¢/a ratio and
an increase in u is predicted [52], consistent with experimental
observations for sputtered ScAIN [50, 51] and for ScGaN [67,
68, 71, 72]. Predicted ScGaN and ScAIN lattice parameters are
given in Table 3; additional in-plane values are also given
which have been corrected with respect to experimental data for
GaN and AIN in order to better predict the true experimental
values.

The electronic structures of ScGaN and ScAIN derived from
correctly relaxed supercells can now be discussed. The wurtzite
structure is expected to be preferred for ScGaN up to
approximately 66% ScN and for ScAIN up to approximately
56% ScN. Over these composition ranges, it is clear that both
alloys remain semiconducting, but there are significant
differences in the densities of states in their conduction bands
[52] (Fig. 4). The conduction band edge of SCAIN is dominated
by localised Sc 3d states at all ScN contents, leading to a
flattened band dispersion around the I'" point. In contrast, the
conduction band edge of ScGaN is dominated by Ga states.
This occurs because the Sc 3d states are at relatively similar
energies with respect to the valence band maximum in both
alloys, but in dilute ScAIN the Al states lie above the Sc 3d
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states whereas in dilute ScGaN the Ga states lie below the Sc
3d states (as expected, given that the band gap of AIN is almost
twice as large as that of GaN).
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Fig. 3. Calculated electronic structures of (a) ScAIN and (b) ScGaN
with a ScN content of 12.5% (from [52]).
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For ScGaN, trends in from X-ray absorption near-edge
spectroscopy (XANES) data suggest that bonding in ScGaN
becomes more ionic as the Sc content increases, as predicted
[79]. XANES data also suggest a small local structural
distortion at the Sc atoms [45], as predicted and investigated
previously [52, 67, 68]. However, in contrast to other TMN-III-
nitride alloys [29], such distortions should have only minor
effects on the ScGaN band structure [52].
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Fig. 4. Corrected band gap vs. in-plane lattice parameter plot for
unstrained ScGaN and ScAIN. Data are derived from calculations and
corrections in [52] and are consistent with experimental reports [60,
64].

The alloy band gaps can then be predicted, based on results
from optimised electronic structure calculations. Although it is
difficult to predict absolute band gap values correctly using
density functional theory, the relative trends calculated for a
series of alloys should be reliable and the choice of suitable

This journal is © The Royal Society of Chemistry 2012
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band gap corrections enables realistic predictions to be made
(Fig. 5) [52]. For ScAIN, a decrease in band gap with
increasing ScN content is both predicted [52] and observed
experimentally [60]. The band gaps of ScAIN are expected to
stay direct up to approximately 25% ScN [52]. However, using
the same calculation method and using lattice parameters
consistent with experiment, an increase in band gap with
increasing ScN content is predicted for ScGaN [52] (Fig. 4).
The band gaps of ScGaN are expected to stay direct up to
approximately 50% ScN. This result is consistent with the
limited experimental data for high-quality epitaxial films [52].
It is reasonable to expect that calculations producing the correct
(experimentally verified [64, 67, 68]) crystal structure for
ScGaN and ScAIN and the correct (experimentally verified
[60]) band gap trend for ScAIN should also predict correctly the
band gap trend for ScGaN. However, the predicted trend for
ScGaN differs from previous reports.

Previous theoretical predictions of the ScGaN band gap were
based on supercells with significant short range ordering of Sc
atoms (as well as using the wrong GaN band gap) which leads
to the opposite trend, i.e. an increase in band gap with
increasing lattice parameter [80]. Additionally, one
experimental report describes a general decrease of the band
gap with increasing ScN content [69], but reports highly
inaccurate values for the band gaps of GaN: most of the data
was obtained from nanostructured ScGaN films where phase
separation almost certainly occurred. However, better-quality
wurtzite-like ScGaN films appear to have band gaps that
decrease slightly with increasing ScN content, at least up to
~17% ScN [67]. Here, we note that some downward band gap
bowing invariably occurs in wide band gap alloys with a large
lattice mismatch between the end members [81, 82], but is not
predicted adequately from the relatively small simulation
supercells used in density functional theory calculations. The
results of Ref. 67 could therefore be consistent with an overall
increase in band gap energies with increasing ScN content, on
which there is superimposed a moderate downward band gap
bowing, as expected for mismatched alloys. Additionally, a
shallow defect band arising from the high density of planar
defects (perhaps including some nanoscale zinc-blende regions)
in the films of Ref. 67 is likely to have contributed to
absorption below the conduction band edge.

The influence of other factors on the band gaps can also be
assessed. Compressive in-plane strains are predicted to affect
the magnitude of the band gaps of ScGaN and ScAIN, but the
magnitude is only around = 0.1 eV for low ScN contents, which
is not enough to alter the band gap trends [52] (although a much
greater effect is expected near the wurtzite to rock-salt phase
transition). Impurities and/or nitrogen vacancies might affect
measured band gaps through alloying effects or through
changes in the carrier concentration leading to a Moss-
Burnstein shift. Indeed, 2 at.% oxygen and around 0.1 at.% C
and H were found to be incorporated in sputtered SCAIN films
[61]. However, the calculated Moss-Burnstein shift decreases

This journal is © The Royal Society of Chemistry 2012

from 0.18 eV for AIN to 0.01 eV for ScAIN with 12.5% ScN
and from 0.23 for GaN to 0.03 for ScGaN with 12.5% ScN
(derived from [52]). This effect occurs due to the increasing
density of Sc 3d states near the conduction band edge and so
such shifts are not expected to be significant experimentally
(band gap renormalisation effects are not expected to contribute
strongly for similar reasons).

Additional parameters relevant to devices can be extracted from
the band structure calculations, including the effective masses
of electrons and holes. The valence band dispersion is quite flat
in both alloys, indicating relatively high effective masses and
low mobilities for holes. Exciton binding energies should also
be significantly larger for both materials, potentially reaching
as high as 240 meV for ScGaN with 37.5% ScN (value derived
from Ref. [52] assuming a simple hydrogenic model and using
dielectric constant data from Ref. [63]). For ScAIN, the Sc 3d
states dominate the conduction band edge and therefore
electrons are also expected to have high effective masses and
relatively low mobilities. Polaronic conduction may therefore
dominate in this material. However, because the Ga states
dominate the conduction band edge in ScGaN, the theoretical
results predict that electrons should retain effective masses and
mobilities similar to those in GaN. Consequently, ScGaN and
ScAlGaN alloys may find applications in the active regions of
(opto)electronic devices where high carrier mobilities are
required.

Elastic constants and piezoelectric properties
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Fig. 5. Elastic constants of wurtzite-structure ScAIN; the elastic

constants of ScGaN are similar (from [79]).

While the calculation and measurement of elastic constants are
of great interest for cubic TMN-AIN alloys [83, 84], little
attention has been paid to the elastic constants of the wurtzite
TMN-AIN phases. However, the elastic constants are essential
for use in device design and for composition determination
using X-ray diffraction [85]. Recently, the elastic constants of both
wurtzite-structure ScGaN and ScAIN were calculated: C,, Cs3, Cy4
and Cg¢ were found to decrease while C;, and C,; increased
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slightly with increasing ScN contents [79]. The biaxial [0001]
Poisson ratios also increased with increasing ScN content from
0.21 for GaN to 0.38 for Scg375Gag 65N and from 0.22 for AIN
to 0.40 for Scg375Alp6sN, due to the increasing u values, in-
plane bond lengths and average bond ionicities with increasing
ScN contents [79]. These results are consistent with the
softening previously predicted for SCAIN alloys with increasing
ScN contents [86].

The piezoelectric performance of ScAIN and related alloys has
also been of great interest recently, since high piezoelectric
coefficients relative to AIN were predicted [86] and measured
[58, 62, 64, 87]. Conveniently, the increase in piezoelectric
coefficients is not accompanied by a substantial increase in
dielectric constants. This leads to increased electromechanical
coupling coefficients compared to AIN, as required for greater
bandwidths in acoustic resonators [5, 63, 88] and for efficient
performance in piezoelectric energy harvesters and related
devices [88, 89].

The piezoelectric coefficient enhancement occurs because u can
be increased more easily with an applied electric field due to
the shallower and broader local ionic potential wells that
develop when Sc is incorporated onto the metal sites [86]. The
piezoelectric coefficients of ScGaN should be of a similar order
to those of ScAIN. Importantly, the use of epitaxially strained
or lattice-matched ScAIN/GaN or ScGaN/GaN heterostructures
should lead to high 2D electron gas concentrations in HEMTs,
due to the increased piezoelectric coefficients. Alternatively,
opportunities for strain engineering may allow appropriate
matching of the interfacial polarisations in quantum well
structures used in optoelectronics.

Epitaxial growth and crystal defects in ScAIN and ScGaN

—ScGaN/GaN
ScAIN/GaN
——ScAIN/AIN

Equilibrium Critical Thickness (nm)

0 0.1 0.2 0.3 0.4
ScN Mole Fraction

Fig. 6. Critical thicknesses for strain relaxation by dislocation glide for
ScGaN/GaN, ScAIN/GaN and ScAIN/AIN [79].

In practice, it is essential to create epitaxial films with low

defect densities for use in devices. The first criterion for
successful growth of a lattice-mismatched epitaxial system is to
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prevent the introduction of defects due to strain relaxation in
the epilayers. The prediction of critical thicknesses for strain
relaxation in heterostructures including the conventional III-
nitrides GaN and AIN is a very useful guide to this behaviour
and has been completed for ScGaN on GaN, ScAIN on GaN
and ScAIN on AIN [79]. Calculated critical thicknesses for
relaxation by dislocation glide on the '/;<1123>{1701} slip
system range from 2 nm for ScCAIN/AIN and ScGaN/GaN with
37% ScN to infinity for lattice-matched ScAIN/GaN with 18%
ScN.

The second criterion is the possibility for epitaxial growth of
low defect density films. Although no device-quality ScAIN
films have yet been grown, high—quality epitaxial ScGaN films
have already been achieved on GaN using molecular beam
epitaxy with NHj as a nitrogen source [71, 72]. However, 1;-
type basal plane stacking faults are observed in these films, in
addition to a low density of nanoscale lamellar zinc-blende
inclusions.

The basal plane stacking fault energies were not predicted to
vary significantly with increasing Sc content in ScGaN [68], yet
they are clearly observed in and epitaxial ScGaN films grown
by two different methods [68, 70]. In contrast, no planar defects
are visible in high-resolution micrographs of sputtered wurtzite-
structure ScAIN films and there is no characteristic ‘streaking’
in the electron diffraction patterns either [61]. In Ref. 58 the
presence of stacking faults in ScGaN was associated with the
increasing local distortion (i.e. greater local u) at the Sc atoms.
However, this local distortion is slightly greater in ScAIN
compared to ScGaN [52], but no stacking faults or zinc blende
inclusions have been observed in ScAIN films. Instead, we
attribute this difference in behaviour to the different relative
stability of the zinc-blende phases for each alloy. In GaN, the
AaBBCyAaBBCy-stacked zinc-blende phase is just 0.015 eV
per formula unit higher in energy than the AaBBAaB-stacked
wurtzite phase, meaning that faults in the /cp stacking sequence
may form with relative ease. Indeed, zinc-blende GaN films can
be grown using MBE under non-equilibrium conditions. In
contrast, for AIN, the zinc blende phase is 0.043 eV per formula
unit higher in energy than the wurtzite phase, so the relative
probability of forming a faulted stacking sequence or inclusions
of the metastable zinc blende phase is much lower in SCAIN.

Nanoscale lamellar inclusions of the zinc-blende phase are also
found in epitaxial ScGaN films with ScN concentrations below
the predicted onset for spinodal decomposition [79]. Although
decomposition via nucleation and growth might occur, this
should generate a Sc-poor wurtzite phase and a Sc-rich rock-
salt phase. It could be argued that the phase stability of
precipitates or inclusions is affected by the interfacial energies
between phases, especially in the case of nucleation and growth
[90], and this factor is not included in calculations. However,
the zinc blende phase of ScN is highly unstable with respect to
the rock-salt phase [91] and accordingly the zinc blende
inclusions do not appear to be Sc-enriched. As for the case of
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stacking faults, the zinc blende phase of GaN is only slightly
metastable with respect to the wurtzite phase and ScGaN is
expected to behave similarly to GaN at lower ScN contents.
Consequently, these precipitates are not attributed to phase
decomposition but to the appearance of a metastable zinc
blende phase having a similar composition.

Summary

The unfilled 3d orbitals of Sc in its +3 oxidation state lead to
semiconducting behaviour and improved phase stability for
ScGaN and ScAIN alloys compared to all other TMN-AIN
alloys. The epitaxial strain introduced in ScGaN/GaN,
ScAIN/GaN and ScAIN/GaN device heterostructures enhances
the alloy phase stability and allows the use of InGaN. The
critical thicknesses for epilayer strain relaxation in these
systems remain high enough to enable practical applications in
optoelectronic and high-power electronic devices. The band
gaps remain direct up to ~50% ScN in ScGaN and ~25% ScN
in ScAIN. Carrier effective masses are high in wurtzite ScAIN,
indicating low electron mobilities and a high probability of
polaronic conduction. In contrast, eclectron mobilities in
wurtzite ScGaN are expected to remain close to those of GaN,
indicating better prospects for its use as an electronic material.
ScGaN and ScAIN alloys with direct band gaps are also
expected to have significantly higher exciton binding energies
compared to GaN and AIN, while their enhanced piezoelectric
coefficients indicate considerable promise for energy harvesting
and high electron mobility transistor applications.

The remaining challenge for this material system is the growth
of phase-pure, defect-free ScGaN alloys. Wurtzite-structure
ScAIN films are free from stacking faults and zinc blende
inclusions as the formation energy of the zinc blende phase is
significantly higher for ScAIN than for ScGaN at low ScN
contents. Epitaxial [0001]-oriented wurtzite-structure ScGaN
films have been obtained on GaN but these films tend to
contain basal plane stacking faults and are affected by the
nucleation and growth of the zinc blende phase. One possible
route to increase the stability of the wurtzite phase is the use of
doping. Basal plane stacking fault densities in wurtzite-
structure GaN can be reduced dramatically using Si-doping
[92], while Si-doping has been shown to increase TM solubility
limits in GaN [93] and co-doping with other transition metals
(e.g. [30]) may promote the relative stability of the wurtzite
phase. A ferroelectric nonpolar phase, predicted to appear for
ScGaN at higher ScN contents near the wurtzite-rock salt phase
transition, might also be stabilised using epitaxial ‘templating’
[52]. Therefore, the future remains bright regarding this
promising new family of electronic materials.
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