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Introduction

Self-organised ordering of scandium into basal
monolayers of aluminium nitride and its
implication for the growth of well-crystallized
(ALSc)N materials for electronic devices

ac

Ulrich W. BlaR, @ *2 Mingjian Wu, 2 ° Boris Epelbaum 22 and Elke Meissner
Aluminium scandium nitride appears as a promising material for future wide band gap semiconductor
devices, due to its large spontaneous polarisation effects. Extensive annealing experiments with regard
to time and temperature of sputtered (ALSc)N thin films result in an ordering of such disordered and
metastable materials of wurtzite structure into a so far unknown layered phase, once temperature allows
sufficient cationic and anionic diffusion beyond ~1200 °C. Detailed transmission electron microscopy
investigations of this layered phase reveal the complete and self-organised ordering of scandium into
octahedrally coordinated basal planes in between several AIN layers of wurtzite structure. The specific
numbers of layers spread statistically around an average value depending on the chemical composition
and formation temperature. Further investigations of the onset of such phase formation at 1400 °C
demonstrate that partially disordered sequences of Sc-bearing basal planes can be thermodynamically
interpreted as exsolution lamellae of monolayer thickness. These structural alterations may considerably
affect the thermal stability and reliability of devices. The theoretically outstanding physical properties can
be lost by the formation of octahedrally coordinated Sc in AIN during any appropriate high temperature
deposition or annealing processes during device fabrication as well as due to migration effects during

device operation.

the heterojunction towards a slightly different compositional
barrier layer, allowing an order of magnitude lower energy loss

Aluminium nitride (AIN), an ultra-wide band gap material, and
its ternary compounds, including group III elements like
(Al,Ga)N, have attracted significant scientific attention due to
their wide range of applications in future power electronics,
optoelectronic devices and sensors.' ™ Aside from the wide and
tunable band gap of AIN related materials, the profound inter-
est in such materials is particularly related to spontaneous
polarisation effects occurring in these nitrides of wurtzite type
structure. In high-electron mobility transistors (HEMTs) for
instance, the polarisation of tetrahedrally coordinated cations
enables a remarkably high density of an electron carrier flux at
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and higher switching frequencies compared to conventional
power devices."*®” Even though the full theoretical potential
of these materials cannot be completely exploited due to
unavoidable crystal defects occurring in these materials,® the
piezoelectric properties of AIN related materials can also be
significantly enhanced by exchanging the aluminium (Al) site
with larger trivalent 3d elements like e.g., scandium (Sc).
Recently Al; ,Sc,N thin films with x up to 0.4 have emerged
with a distinguished strong piezoelectric response 4-5 times
higher than that for pure AIN.>'® Hence Sc-bearing AIN crystals
appear as a new and particularly promising choice for next
generation of semiconductor devices, e.g., for electroacoustic,
optoelectronic, transistor memories and especially for power
electronic devices." > Up to now, however, only thin films of
Sc-bearing AIN material could be manufactured. These films were
largely deposited by magnetron sputtering techniques,>2°
whereas more perfectly crystalline and sufficiently sharply con-
fined Al; ,Sc,N thin films are required, e.g. for light-emitting
diodes (LEDs) and HEMTs. Oxygen and carbon impurities are
regarded as being problematic for electron mobility.>”*® Recent
advances have been achieved via molecular beam epitaxy

This journal is © The Royal Society of Chemistry 2025
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(MBE)*>' or metal-organic vapour phase epitaxy (MOCVD),****
and electron mobility could be enhanced significantly."”

The entire piezoelectric coefficients of Sc-bearing AIN can
only be determined from thin film materials. The difficulty in
gaining bulk materials, as well as avoiding precarious phase
separation issues, originates thermodynamically from a huge
miscibility gap®* between AIN of the wurtzite structure and a
hypothetical metastable form of ScN possessing the same
structure type, whereas stable ScN exhibits a rock salt
structure.®® Intermediate Al, ,Sc,N compositions of the wurt-
zite structure are considered to remain metastable up to x =
0.41 on suitable substrates""** and can bear annealing treat-
ments up to 1000 °C for durations of at least 60 minutes.*®

Experimental determination of the accurate spinodal
decomposition boundaries of (Al,Sc)N solid solutions, however,
is difficult due to low diffusion coefficients of strongly covalent
bonded materials. Theoretically, first-principles calculations
suggest that up to 6% ScN can be incorporated into AIN at
about 825 °C and increases to 10% at around 1400 °C.*”
Epitaxial strain imposed by foreign substrates can drastically
stabilise the wurtzite alloy to even 40% ScN at about 850 °C.
These values confirm the results of sputter layers. In contrast,
Sc-contents of more perfect bulk crystals grown by physical
vapour transport (PVT) seem to be restricted to less than 0.6%
at >2000 °C according to our PVT growth experiments and
former reports.®® However, despite extreme temperatures, PVT
growth trials might not unequivocally reflect thermodynamic
equilibrium, e.g., due to a ten times lower partial vapour
pressure of ScN in the gas phase compared to AIN, or seriously
lower germination energy of cubic ScN inducing ScN growth
close to the source region.

The immiscibility of AIN and ScN itself, however, might also
engender the intended physical properties. It is related to a
cationic coordination change from tetrahedral to octahedral,
which agrees with the significantly larger ionic radius of Sc** as
well as with crystal field theory promoting octahedral coordina-
tion for ions with non-occupied d-states. On the other hand,
first-principles calculations revealed a certain electronic stabi-
lisation effect of the wurtzite structure. Since Sc®" in AlSeN of
the wurtzite structure has empty 3d orbitals in the conduction
band, these orbitals will not significantly contribute to bonding
and hence sp® hybridisation should be retained around the Sc
atoms. Therefore, Sc differs from other transition metals, where a
partial occupation of 3d orbitals will cause bonding via sp’d
hybridisation and hence will destabilise tetrahedral coordination
with respect to 5- or 6-fold coordination.'™?’ Interestingly for
intermediate compositions, the enthalpy of the wurtzite structure
is close to another metastable and hypothetical hexagonal struc-
ture type, showing a five-fold trigonal dipyramidal coordination
of cations.>**® This happens by increasing the crystallographic
internal parameter ¥ from 0.38 (wurtzite structure) to 0.5 (hex-
agonal structure) causing an expansion between basal atoms and
hence a decrease of the ¢/a ratio from 1.6 (wurtzite structure) to
1.2 (hexagonal structure). There is some experimental evidence
that some ordering towards the hexagonal phase may occur for
(Ga,Sc)N*! but not for (Al,Sc)N.** However, ab initio calculations

This journal is © The Royal Society of Chemistry 2025
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revealed that the exact frustrated situation of cations in a
disordered alloy, competing between a less distorted tetrahedral
Al-site and a hexagonal distorted Sc-site, causes a structural
softening along c. This softening strongly responds to strain
and hence appears responsible for the tremendous increase of
the piezoelectric coefficient close to the structural instability of
the wurtzite structure.”>*>*

In this study, we report for the first time an apparent
partially ordered layered phase, in which Sc occupies exclusively
single octahedral layers. This new phase developed during
excessive annealing at 1700 °C of chemically homogeneous
sputter films. It is not only fascinating from a structural point
of view with respect to order phenomena, its formation mecha-
nism is also elucidated at its onset at 1400 °C, which will
contribute to a better understanding of thermodynamic equili-
bration processes and has further implications for the growth of
well-crystallized (Al,Sc)N bulk material as well as for the stability
of electronic devices made from this material.

Experimental details
Sample material

The chemically homogeneous and stoichiometric starting
material of Al;_,Sc,N with nominal x = 0.06 was deposited by
pulsed DC magnetron sputtering on a (0001) single-side
polished sapphire wafer substrate using an Evatec CLUSTER-
LINE® 200 at Evatec AG, Switzerland and provided by Fraun-
hofer IAF, Germany. Sputter films were deposited at 600 °C
without preliminary etching. The base pressure was 8 x
10~® mbar and pure N, was used as a reactive gas at pressures
<5 x 1072 mbar to gain a growth rate of about 0.25 nm s .
Sputter films of 1 pm thickness were used for the later annealing
up to 1400 °C and of 2 pm thickness for annealing at 1700 °C.

Thermal annealing

Thermal annealing was performed at temperatures of 1200 °C,
1400 °C and 1700 °C to observe changes in thermal stability,
structure, and composition. Square substrates with a 10 mm
side length were carefully arranged in pairs face-to-face on the
bottom of a flat tungsten crucible and surrounded by a coarse-
grained AIN polycrystalline material. The presence of high
purity AIN was found to provide the equilibrium partial vapor
pressure of the AIN species in the crucible and protected the
samples from decomposition. Annealing was performed in a
power-controlled induction furnace equipped with a graphite
susceptor in a pure N, (99.999%) environment at a pressure of
800 mbar for 3 h. The temperature was recorded by a pyrometer
focussed on the crucible lid. The crucible was positioned
exactly in the centre of the susceptor to obtain a uniform
temperature field.

Prior to annealing, the entire assembly was purged three
times with pure N, with intermittent pumping down to a
residual pressure of less than 5 x 10~ mbar, while the crucible
was heated to about 700-800 °C for the last two cycles. This
procedure has been previously proven to inhibit potential
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contaminants, especially oxygen (O), from pure AIN films on
sapphire and allowed to obtain flat surfaces with roughness
values down to 0.3 nm.**

Material characterisation

All samples were examined in terms of surface and microstruc-
tural changes by field-emission scanning electron microscopy
(SEM: Jeol JSM 7500F), atomic force microscopy (AFM: Bruker
Dimension Icon, in tapping mode), and single crystal X-ray
diffraction (XRD: PANalytical X'Pert Pro MRD) for peak profile
analyses of 29-Q scans of symmetric (0002) and asymmetric
(1012) reflections.

For further particularly structural and microstructural ana-
lyses, selected samples annealed at 1400 °C and 1700 °C, were
prepared for transmission electron microscopy (TEM), by con-
ventional mechanical grinding, dimpling, Ar ion-milling and
-polishing using a Gatan PIPS Model 691. Plan-view TEM foil
with the foil plane parallel to the wurtzite basal plane were
prepared for both samples. Additional cross-sectional samples
annealed at 1400 °C and a non-treated reference sample were
prepared as well.

TEM samples were pre-examined at a Philips CM30 TEM
operating at 300 kV with a LaBg cathode. Furthermore, a double
Cs-corrected FEI Titan Themis® 300 was employed for more
advanced analyses. These include atomic-scale scanning trans-
mission electron microscopy (STEM), energy dispersive X-ray
spectroscopy (EDS) and electron energy-loss spectroscopy
(EELS). All STEM observations were taken at 300 kV with
aberration correctors tuned to around 1 A resolution. Samples
were plasma cleaned to minimise contaminations in advance.
The high-angle annular dark-field detector (HAADF) receives elec-
trons scattered from 60 to 200 mrad and hence its signal is
dominated by Z-contrast. High spatial resolution EDS datasets were
collected at a high-efficient Super-X EDS detector with a probe
current of ~40 pA and a total integration time of 15-30 minutes
(100200 frames). The image contrast of simultaneously acquired
STEM-HAADF sub-frames was used to exclude any beam effect or
mutation under the applied experimental conditions. The EDS data
were evaluated using TFS Velox software including absorption
correction and quantified with implemented k-factors by slight
variations in thickness and density until charge neutrality was
obtained.”> STEM-EELS datasets were acquired from a Gatan GIF
Quantum ERS system, with comparable dose conditions and a
collection angle of ~45 mrad. EELS point-measurements were
acquired with a probe defocused to ~30 nm and single spectra
accumulated for 15-60 seconds. The thickness of a sample area of
interest was estimated by the EELS log-ratio method to be in the
range of 50-100 nm.

Results
General microstructural examinations

First microstructural investigations by X-ray profile analyses
and surface roughness examinations by AFM and SEM reveal
only minor changes of the sputter films up to an annealing
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temperature of 1400 °C. The original microstructure of slightly
twisted and tilted columnar crystallites grown along the wurtzite c-
direction is preserved causing extremely broad X-ray reflections,
which are well known for AIN samples not annealed beyond
1600 °C.* Full widths at half maximum values of symmetric
(0002) and asymmetric (1012) reflections of untreated samples are
about 730 and 3740 arcsec, respectively, and even do not halve to
i.e., 480 and 2470 arcsec, respectively, after annealing at 1400 °C.
Initial surface roughness values (Sg) collected by AFM are about
5.0 nm and 4.9 nm after annealing at 1400 °C.

In contrast, significant changes occurred after annealing at
1700 °C. The former fine crystalline and columnar microstruc-
ture appears to be completely recrystallised to platy crystals of a
few micrometres in size, oriented predominantly parallel to the
sputter surface. Randomly, for less than 10% of these crystals,
the platelets protrude with an angle of ~100° out of the surface
following all three possible trigonal orientations and depict
their fine platy structure. Such a layered structure is not in
accordance with the wurtzite structure type or any potential low
symmetry distortions.

TEM characterisation of the novel layered crystals formed
at 1700 °C

By tilting platelets of the novel layered crystals parallel to the
electron beam in the transmission electron microscope (TEM),
e.g. along the pseudo-wurtzite [2110] zone, a layered super-
structure becomes obvious even in bright-field images (Fig. 1).
Bright basal planes are clearly visible and expand laterally
straight along several hundreds of nanometres up to grain-
boundaries. The corresponding selected area electron diffrac-
tion (SAED) pattern indicates a hexagonal lattice. Its metric is in
good agreement with the wurtzite structure, except for the
additional super-structure reflections, which however, are quite
complex. In general, clear streaks do not exist, but some
reflections show a certain elongation along the c-direction

Fig. 1 TEM bright-field image showing bright planes expanding laterally
straight up to grain boundaries. The corresponding SAED pattern (inset)
along the [2110] zone axis agrees well with a hexagonal lattice but shows
quite complex superstructure reflections along the c*-direction.

This journal is © The Royal Society of Chemistry 2025
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alternating partly with some others that did not but may expose
a slightly different spacing instead. The reasons for that are
investigated in atomic scale images below. Due to this complex-
ity and diversity, neither a clear determination of a certain
number of super-structure layers nor a clear cell repetition
along the c-direction is possible and points towards a diverse
disorder in the stacking sequence.

Atomic scale STEM-HAADF images taken along the [2110]
zone axis, reveal an ordering of bright atoms into basal mono-
layers recurring statistically every 5th to 7th or rarely even 8th
layer (Fig. 2A). Interjacent darker layers show a cationic zigzag
arrangement identical to the wurtzite structure type. Consider-
ing a single basal layer, the atom position of such a small hcp-
based layer can only occupy a special position, located at one of
the three hex- or threefold axes. These positions can be directly
identified from high-resolution STEM-HAADF images. Whereas
for layers of the wurtzite structure, only the two tetrahedrally
coordinated cation sites are occupied in an alternating zigzag
manner like ABAB, all three possible sites are occupied around
the bright layers leading to a straight sequence of ccp stacking
like ABC. Whenever the quantity of the layer sequence refers to
an even number, the sequence along the next adjacent bright
layer is reverse to the first one (e.g. CBA), whereas in the case of
an odd number, the sequence increases in a cyclic manner (e.g
BCA) and causes a shift in the next layers of the wurtzite
structure (e.g. to CACA), since apparently an inversion symme-
try in the bright atoms is generally fulfilled. These variations in
stacking sequences lead theoretically to a much higher alter-
nation of structural units than the obvious and above reported
5- to maximal 8-fold layers. Any resulting systematic huge
stacking, however, is interrupted by a slight statistical variation
in the quantity of interjacent layers of the wurtzite structure.

View Article Online

Journal of Materials Chemistry C

The elemental distributions are illustrated by atomic scale
STEM-EDS maps (Fig. 2B). Sc orders thus entirely into bright
monolayers of STEM-HAADF images, replacing a significant
portion of Al of that layer, whereas no Sc is detected in the
darker AIN layers of the wurtzite structure. The complete
ordering of Sc is even more obvious from a line profile of
integrated EDS counts over 12 unit cells perpendicular to the
c-direction while plotted along the c¢-direction (Fig. 2C). As a
noteworthy second feature, EDS measurements revealed a sub-
stantial O content, replacing N at the anionic site. It shows a
certain affinity to Sc and is largely spread over the next two
neighbouring anionic layers.

Average quantitative EDS analyses (Table 1) of the 1700 °C
layered phase result in a Sc-content of almost 5% per formula
unit (pfu), which is close to the initial value. Nearly half of the
anionic positions are replaced by O leading to speculation that
cationic vacancies may likely exist for charge balancing reasons.

Further information about the local environment of cations
is obtained from EELS spectroscopy by investigating the near-
edge fine-structure of the Sc L, ; edge and Al K edge (Fig. 3).
Although theoretically supported interpretations of the Sc L, 3
edge are scarce in the literature, all spectral fine-structures of
Sc** are assumed to be similar to those of isoelectronic Ti*",
only shifted in energy due to different core potentials.*®
Unfortunately, the Sc L lines overlap to a large extent with the
N K, edge at ~400 eV, but white lines of Sc can be readily
distinguished by their stronger intensity and sharper line
widths. Both white lines of the Sc L; , edge are clearly split by
nearly 2 eV for spectra taken from the bright layers (Fig. 3A),
which is a feature indicative of octahedral coordination due to
crystal field splitting.””*® Tetrahedral coordination instead,
would result in a significantly lower splitting, which would

A ]
2nm 2nm

P

Fig. 2 Structural and chemical characterisation of the layered phase after annealing at 1700 °C. (A) STEM-HAADF image at atomic resolution along the
[2110] zone axis showing the ordering of bright atoms into basal planes. Sequences with hcp-stacking (wurtzite type) are marked in yellow and ccp-
stacking in orange, for which detailed stacking positions are provided with A, B and C. The whole number of layers in the sequence is given in green. (B)
STEM-EDS elemental maps and (C) line profiles along the c-direction by integrating over 12 unit cells demonstrate the ordering of Sc into monolayers

and the affinity of O around these layers.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Chemical compositions of the non-annealed reference sample, layered phase formed after 1400 °C annealing at the sapphire boundary and

layered phase formed after annealing at 1700 °C. All compositions are given

in atomic % [at%] and per formula unit (pfu)

Sample Al Velox error Sc Velox error (o} Velox error N Velox error x in (Al;_,Scy)
Reference [at%] 47.19 4.93 2.36 0.38 2.69 0.58 47.76 4.46 0.048
pfu 0.935 0.047 0.053 0.947
1400 °C [at%] 23.53 4.33 17.91 2.81 51.38 5.67 7.18 0.83 0.432
pfu 0.402 0.306 0.877 0.123
1700 °C [at%] 43.39 5.40 2.10 0.35 27.04 4.58 27.48 2.83 0.046
pfu 0.796 0.039 0.496 0.504
A Sc L,, edge B Al K edge
i splitting —, r
\ : : layered phase
= : 1700°C
c
S L -
£
5, layered phase layered phase
> 1400°C
'«
S L L
L
£ \
\ layered phase
\, OOC o wurtzite phase
1400°C
= ~ N K edge -
1700°C
coa b v v b v v v b v v b s b by by b by rana biag
390 400 410 420 1550 1560 1570 1580 1590 1600

energy loss [eV]

energy loss [eV]

Fig. 3 EELS spectra of (A) Sc L, 3 and (B) ALK edge. Both spectral lines of Sc L, 3 edge (A) are split by nearly 2 eV indicating octahedral coordination for Sc.
Sc L, 3 spectra were superimposed by the broad N K edge, given separately for the 1700 °C spectra at the bottom (dashed). Independent of the annealing
temperature, Al K edge spectra (B) of the layered phases are identical to those of AIN of the wurtzite structure (dashed), indicating tetrahedral

coordination.

hardly be resolved by EELS. No Sc lines were detectable for
interjacent layers and hence show only the underlying N
K, edge.

Concerning Al, the near-edge fine-structure of the Al K edge
is extensively explored by ab initio calculations.**”" For oxides,
a clear chemical shift of about 2 eV distinguishes spectra from
the tetrahedral environment (first line below ~1567.5 eV) from
those of the octahedral environment (first line above ~1567.5
€V).>> However, the detailed line position is also sensitive to
further parameters, e.g., strained bond length.>® For our layered
structure, relative line intensities and energetic spacings within
the Al K edge features agree well with reference spectra of
tetrahedrally coordinated AIN°"**** and the total energy of the
first line is close to 1570 eV (Fig. 3B). Since all these spectra are
identical to those taken from the untreated reference sample of
the wurtzite structure as shown below (cf. Fig. 3B), it is assumed
that the spectra indicate tetrahedral Al. The energetic position
cannot be easily interpreted without detailed modelling of
complex effects caused e.g., by slightly deviant bond length

4914 | J Mater. Chem. C, 2025, 13, 4910-4920

due to strain, partial substitution of N by O or correlated
vacancies.

TEM characterisation of untreated samples and samples
annealed at 1400 °C

Cross-sections of a sample annealed at 1400 °C and the
untreated reference show both the characteristic texture of
columnar growths of the sputter layer. Individual crystallites
are about 50 nm in diameter with pyramidal facets on the top
and are slightly twisted and tilted against each other along their
columnar axis as well as perpendicular to it (Fig. 4A and B).
Hence, these observations explain well the extremely broad
and irregular shaped X-ray diffraction profiles as well as AFM
roughness data.

The untreated sputter layer is distinguished by a homoge-
neous distribution of all elements, the absence of any second
phase and a smooth interface to the sapphire substrate. In
contrast, the sample annealed at 1400 °C shows the first
evidence of equilibration processes, e.g. dislocation arrays

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Cross-sectional STEM bright-field images of the (A) untreated
reference sample and (B) sample annealed at 1400 °C. (C) TEM bright-
field image of a basal plane section of the sample annealed at 1400 °C
indicates the beginning of microstructural equilibration by forming dis-
location arrays at small angle grain boundaries. The varying diffraction
contrast across the crystallites indicates that crystallites are still strained. At
grain boundaries the formation of Sc,Oz nanocrystals and voids are visible
but are more obvious in (D) cross-sectional STEM-HAADF images along
the [2110] zone axis at higher magnification.

forming at small angle grain boundaries. Many crystallites still
show an internal variation in diffraction contrast and an even
larger variation in the contrast between different crystallites
(Fig. 4C) indicating that the microstructural equilibration just
started, but neither the internal strain from crystallite bending,
nor the slight tilting among each other is completely relaxed
after that time of annealing. Furthermore, fast exsolution of a
second phase along crystallite boundaries is apparent, occa-
sionally coupled with the formation of oval voids (Fig. 4C and
D). Such nanocrystals are about 4 to 16 nm in size. According to
chemical and crystallographic observations, this second phase
is Sc,0; of the bixbyite structure type (space group Ia3) showing

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 STEM-HAADF image of a Sc,Oz nanocrystal at the (Al Sc)N grain
boundary showing a twin-like intergrowth along the common (113)y;
plane. The crystal orientation refers to the [2110],, zone axis of (A,Sc)N
and [110],; of Sc,03.

rather low Al- and N-contents. HAADF patterns show an orien-
tation relationship to the surrounding wurtzite structure of
(111)p;]/(0001), and [112]y,]/[1010],, as known from other com-
parable systems.>® But occasionally an additional relationship
is observed between {111}py[|(1011),, and (112) uy|[1011],,
rarely leading to a twin-like intergrowth of Sc,O; crystallites
along the (113),,; plane as a common intergrowth plane (Fig. 5).

Besides all that, the sample annealed at 1400 °C also reveals
essential evidence of the formation of the novel layered struc-
ture, since two diverse stages of Sc-ordering into octahedrally
coordinated monolayers are discernible. Most prominent in
this context is the scarce and sporadic occurrence of homo-
geneous nucleation of a tiny Sc-bilayered structure all over the
matrix of the wurtzite structure. These Sc-bilayer nuclei gen-
erally consist of two octahedral Sc monolayers including one
tetrahedral AIN layer in between with a projected lateral spread
over 20 to 30 unit cells (Fig. 6A).

More obvious, however, is a heterogeneous nucleation of a
layered structure at the sapphire interface (Fig. 6B) forming a
straight and continuous sequence of 10-16 Sc-rich octahedral
layers alternating only with one or two Al-bearing wurtzite
layers in between. The overall chemical composition is hence
much more pronounced in Sc but also in O (¢f. Table 1). The
growth is likely restrained by a diffusion related depletion of
these elements in surrounding regions.

The coordination of Sc is again examined by EELS spectro-
scopy. Whenever Sc is enriched like in the layered structure
close to the sapphire substrate, in the Sc,0; phase, or even in
the bilayer nuclei, we could observe a splitting of the Sc L;,
lines indicating octahedral coordination (c¢f. Fig. 3A). In con-
trast, the Sc-concentration in the matrix of the wurtzite struc-
ture is unfortunately too low to gain sufficient spectral
statistics. Due to the complete overlap of the Sc L; , edge with
the N K edge, the contribution of the few percent of Sc vanishes
in the noise of the N K edge. EELS spectra of the Al K edge are
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Fig. 6 (A) STEM-HAADF image of a Sc-bilayer nucleus formed at 1400 °C
by homogeneous nucleation inside an (ALSc)N matrix of the wurtzite
structure. (B) STEM-HAADF image of a layered phase with only 1 or
2 AIN layers in between Sc-rich layers, formed at 1400 °C by hetero-
geneous nucleation at the interface between (ALSc)N of the wurtzite
structure (top panel) and sapphire (bottom panel).

comparable to those obtained from the sample annealed at
1700 °C (cf. Fig. 3B).

Discussion

Discussion on crystallographic properties and order-disorder
relations

The above-described ordering of nominal octahedrally
coordinated transition metal cations into self-organised basal
monolayers of group III nitrides is unique and intriguing
from structural and ordering aspects; but to the best of our
knowledge, nothing comparable has been reported before. This
appears astonishing, because simply considering cationic size
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effects, the calculated misfit between a (111) layer of ScN** to
the basal plane of AIN** accounts for only about 2.4% and is
marginal for many other 3d transition metals. Obviously, the
strong miscibility gap present in all those chemical systems
efficiently prohibits such an intergrowth.

The only layered phase reported for the Al;_,Sc,N system so
far is the so-called hexagonal phase, in which a certain widen-
ing of the distance between basal anions allows a flipping of the
tetrahedral coordinated cations into the basal anion plane and
hence forms a fivefold trigonal dipyramidal coordination.***!
The resulting c/a lattice ratio decreases from 1.6 (wurtzite
structure) down to 1.2 and cation positions deviate in the
c-direction. This is clearly not observed for our layered structure
since d-spacings obtained from (0002) and (1012) X-ray profile
analyses result in a lattice ratio of 1.596 and no corresponding
shift of cations is visible around the Sc-bearing layers in STEM-
HAADF images.

The most closely related structure reported so far concerns
tiny exsolution nuclei of GAN platelets from Gd-doped GaN.
A detailed HRTEM study together with simulations of displace-
ment field maps and energetic minimization of nuclei platelet
shape versus misfit strain by DFT modelling revealed that these
GdN nuclei form a slightly distorted rock salt bilayer structure
with a lateral width of about eight Gd atoms.”® Their further
lateral extension is restricted by strain and a low Gd concen-
tration. These nuclei appear somewhat similar to our nuclei
observed after annealing at 1400 °C, although ours generate
significantly lower strain and are hence less restricted in size.
In addition, our octahedrally coordinated Sc-monolayers are
generally separated by at least one interjacent tetrahedral
AIN layer.

The virtually unlimited lateral extension of our octahedrally
coordinated monolayers interjacent to several layers of the
wurtzite structure is hence a unique structure type and makes
it worth having a closer look into its structural properties.
Whereas the crystallographic positions of cations can be directly
deduced from STEM-HAADF images as described in the Results
section, positions of anions are even not visible in our BF-STEM
images. However, anions of a close packed arrangement can also
occupy only one of these three special crystallographic sites as
well, located at the hex- or threefold axes. Further constraints
derive from the local coordination of cations, e.g., for an octahe-
dral coordination, the cation and its upper and lower anions
should occupy three different sites, whereas for a tetrahedral
coordination in the wurtzite structure, one cationic and anionic
basal position is equal but shifted by the crystallographic para-
meter u along the z-direction. By applying these general con-
straints it is possible to deduce anionic positions.

The most impressive consequence is that the crystallo-
graphic position of each consecutive cationic or anionic layer
along the c-direction is strictly determined by the crystallo-
graphic position of the previous layers. Only the recurrence of
the next Sc-bearing layer occurs somewhat randomly.

Furthermore, it’s remarkable to note that first, a cation
favouring an octahedral environment will not simply flip out
of its tetrahedral position into the next neighbouring
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octahedral site of that layer. Such a simple behaviour would
cause an improbably close distance of face sharing coordina-
tion polyhedra towards the next neighbouring tetrahedrally
coordinated cation of the next layer. For generating an octa-
hedral layer, the cation will exactly occupy the cationic position
expected from the sequence of cation positions in the wurtzite
structure type, whereas the octahedral environment originates
from a change in the next upper anionic position from the hep to
ccp sequence, the inversion symmetry of which will also affect
the subsequent positions of the wurtzite structure. Therefore,
the sequence apparently depends more strongly on elastic forces
between cationic layers than on known minor energetic differ-
ences between anionic hcp or ccp stacking.

Second, the observed reversal of cation stacking in relation
to the number of interjacent wurtzite layers is only a conse-
quence of the three-dimensional projection and the octahedral
inversion symmetry. Third, the inversion centre in any octahedral
layer inevitably causes a polarity inversion in the adjacent layers of
the wurtzite structure. Considering a certain octahedral layer, both
adjacent layers of tetrahedral coordination are bonded therefore
either by their tips resulting in corner-sharing coordination poly-
hedra, or their basal planes resulting in edge-sharing coordination
polyhedra. Polarity inversions in AIN are known from former
studies e.g., by applying O during the growth of MOVPE epitaxial
AN films and ferroelectric switching in AIScN.>’*® Whereas
Stolyarchuk et al interpreted the inversion domain boundaries
by two interpenetrating wurtzite lattices of a common anion sub-
lattice in the aluminium-oxynitride domain boundary,”” the later
study claims an assumed polarity inversion via the hexagonal
phase.”> Hence both studies differ from our case assuming an
alternation in the anionic stacking around octahedral layers.

The above-described sequence of layers indicates that the
novel layered Al; ,Sc,N structure is almost entirely ordered
despite the fact that diffraction pattern would suggest a diverse
disorder at first glance. Since order parameters are closely
related to thermodynamic transitions, it is worth considering
order-disorder effects for subsequent thermodynamic consid-
erations on phase formation. First, we observe a complete
ordering of Sc-cations into octahedrally coordinated positions,
second, cationic positions in wurtzite layers are exclusively
occupied by Al. Third, in a more general sense, the stacking
of individual layers is well determined and no disorder deviat-
ing from the correct stacking of an A, B or C layer is observed,
except in the alternation of octahedrally coordinated Sc-rich
layers, which varies somewhat randomly around an average
value defined by stoichiometry and possibly annealing tem-
perature. In contrast, complete disorder is generally assumed
for site occupancies within a certain layer, since no related
effects, like superstructure reflections, arising from basal plane
ordering are detected. This concerns the disorder of Sc and
remaining Al in octahedral layers as well as O and N within the
closed packed anionic positions. Due to chemical reasons, O
shows a clear affinity towards Sc and cumulates largely within
the next two neighbouring anionic layers. This affinity is related
to the significantly lower electronegativity of Sc compared to Al.
For reasons of charge balancing, related vacancies at the
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cationic sites are assumed, but we do not observe any indica-
tion about ordering.

Discussion on thermodynamic stabilities and phase formation

Finally, the question of whether the novel layered structure will
represent either a so far undiscovered, but thermodynamically
stable phase in a rarely explored high temperature range, or a
further metastable formation inside the miscibility gap, will have
a substantial influence on growth conditions to obtain a certain
bulk crystal within the Al; ,Sc,N system. From a structural point
of view, the layered structure appears as a homogeneous phase
growing by spontaneous nucleation from a metastable phase
after activating sufficient diffusion via temperature. This may
indicate superior thermodynamic stability. However, PVT growth
results and previous thermodynamic simulation'! confirms an
extended immiscibility up to much higher temperatures.

Hence, its real thermodynamic state of representing another
metastable formation is getting more obvious by looking in
detail at its first formation during annealing at 1400 °C. Prior to
annealing, Sc occupies randomly an electronically less favour-
able tetrahedral site inside the wurtzite structure, which is
clearly a metastable consequence of sputtering."* The first true
homogeneous nucleation of the layered phase is observed by
the layered nuclei at 1400 °C occurring simultaneously with the
kinetically faster growth of Sc,0; nanocrystals. However, the
growth of Sc,03 only indicates sufficient strong O-diffusion but
it does not represent an energetically favoured Sc-host, because
with time and raising temperature it either disappears again by
supporting the growth of the layered structure or even more
likely, its formation is replaced by faster direct growth of large
crystals of the layered phase.

Considering the Gd-bearing system and its exsolution of tiny
GdN platelets from Gd-doped GaN,’® DFT modelling revealed
that layered nuclei of octahedral coordination could be indeed
stable within a nitride host of the wurtzite structure, but their
shape and size is restrained by misfit strain. Since for our
system, the basal lattice misfit of 2.4% is appreciably lower, it
might be compensated elastically inside the octahedral mono-
layer and hence its formation may expand laterally without
restriction. A potential perpendicular misfit during growth is
minimal for a monolayer and anyway occurs along the elastically
softest direction.*” In comparison to any separate phase for-
mation like Sc,0; or ScN, there is no requirement for strongly
strained or interrupted chemical bonds at its interface, whereas
the favourable octahedral coordination is accomplished. An
octahedral monolayer thus allows equilibration of cation coor-
dination along short ranges by simultaneous minimisation of
surface strain. Hence it can expand above a certain temperature
enabling cationic as well as anionic diffusion. In contrast, a
separate phase formation e.g., cubic ScN, would need sufficiently
more energy and is hence expected at significantly higher
temperatures, like for PVT growth conditions, only.

From a thermodynamic point of view, however, the for-
mation of Sc-bearing octahedral monolayers as discussed
above, is identical to the formation of exsolution lamellae
inside a miscibility gap. The nano-structuring of self-
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organised octahedral monolayers can thus be considered as a
metastable formation of exsolution lamellae of minimal atomic
width. The apparent alternation in the number of interjacent
layers of the wurtzite structure might therefore only pretend
being a disordered structural feature, but in reality it originates
from the less-constrained distance to the next exsolution
lamellae. Hence, the distance is not determined by crystal
symmetry and therefore not a true kind of disorder.

Discussion on the potential role of oxygen

Finally, the high amount of O in the layered structure is another
issue presumably affecting its formation. Since these values are
significantly higher for the layered structure than previously for the
sputtered film, the question arises to which extent O may influence
its formation. Considering the proven inhibition of oxidation
during our annealing process, all the O should have penetrated
from the sapphire substrate into the sputtered film during anneal-
ing. The bulk diffusion coefficient of O in an extremely covalent
material like AIN is assumed to be very low and is known to depend
on several conditions like the impurity level, even of the O
concentration itself. Available data range between 5 x 10~ "> and
1 x 107 em? s™! at 1700 °C, which would result in a diffusion
path length of a few hundred nanometers after 3 h.>*>* However,
the columnar microstructure of the sputter layer suggests a sig-
nificant contribution via grain boundary and pipe diffusion, for
which the diffusion coefficient is up to 4 orders of magnitude
higher*® and hence enable the postulated diffusion along a few pm.

Once present in the system, O is soaked up either by the
prior formation of Sc,0O; nanocrystals or even by a probably
faster direct formation of the layered phase at 1700 °C. This will
likely degrade somewhat all electronic properties concerning
conductivity. However, since even scandium oxide itself is still
a semiconductor with an ultrawide band gap of ~5.8 eV,*" it is
not assumed that a certain but unknown amount of O will break
off the semiconducting properties of (Al,Sc)N, immediately.

Considering its formation from a chemical point of view, O
would clearly facilitate the octahedral coordination of Sc, simply
because the theoretically more ionic Sc-O bonds in octahedral
coordination are chemically favoured for the more electronegative
O-ion compared to the more covalent Sc-N bonds in tetrahedral
coordination. As a second point, the diffusion of anions appears to
be an essential mechanism for the formation of ccp stacking
around Sc layers in the layered phase. Whereas N self-diffusion is
extremely slow for the wurtzite structure, O-N interdiffusion
enhances diffusion whenever significant amounts of O atoms are
present® because related cation vacancies assumed for charge
balance reasons would enhance cationic and anionic diffusion
within the layered phase. A third important issue is indicated by
the observation, that the highest amount of O (¢f Table 1) is
coupled to the highest Sc-content and hence the lowest number of
AlN layers in between, as occurring in the layered phase formed at
the sapphire interphase at the lowest formation temperature of
1400 °C (¢f Fig. 6B). This implies that a series of layered phases
with variable sequences of octahedral layers may exist and their
occurrence depends on the bulk Sc-content and potentially its
formation temperature for kinetic reasons.
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Certainly, all these arguments are somewhat valid in general
but predominantly affect the kinetics of phase formation. In
contrast, the above-described formation mechanism of the layered
phase points thermodynamically to the formation of an exsolution
lamellae inside a wide miscibility gap, driven by bringing Sc closer
to a partial equilibrium state of octahedral coordination without
provoking dangling bonds. Therefore, O may shift the formation
of the layered phase to somewhat lower temperatures by enhan-
cing kinetics, but it cannot be unambiguously concluded whether
O represents an essential component for its formation or a general
dependence between oxygen content, layer sequence and for-
mation temperature may exist. Hence, the question on the effect
of O cannot be answered solely by our available observations.

Conclusions and practical implications

Annealing experiments on sputtered Sc-bearing AIN of the wurtzite
structure revealed a self-organised nano-structuring of Sc into
octahedrally coordinated monolayers, which is intriguing from
structural or atomic ordering aspects. The above discussion has
shown that the metastable formation of the layered structure
resembles exsolution lamellae of atomic minimal width from a
thermodynamic point of view. Its spontaneous formation is related
to local equilibration processes, driven largely by a change in the
coordination of Sc. It requires diffusion of cations and anions,
which might at least be enhanced by available O-content.

Therefore, the equilibration process shows for the first time that
the metastable existence of the Sc-bearing phase of the wurtzite
structure is limited in temperature. This entails substantial impli-
cations for the (ALSc)N material of wurtzite structure grown for
electronic devices. Any post-annealing or even suitable high and
prolonged MOCVD conditions may somehow increase the crystal-
linity by diffusion but may also degrade the tetrahedral environ-
ment of Sc. This eventually provides another explanation why the
piezoelectric coefficient may decrease after excessive annealing as
reported in previous studies.? In order to obtain excellent materials
for electronic devices, the major consequence would be to apply
metastable growth techniques that are capable of growing well-
crystallized materials of wurtzite structure in a temperature range
as high as possible to achieve a good quality instantaneously, but
below the onset of significant diffusion to prevent structural
degradation. Such a suitable temperature for growth might pre-
sumably range between 1000° and 1200 °C. Recent advances have
shown that this could be successfully achieved by MBE
growth>*2%%* or MOCVD.*** However, subsequent inter-diffusion
or oxidation during electronic device operation could also trigger
migration processes at significantly lower temperatures. Therefore,
the thermal stability of AIScN devices operating at relatively high
temperatures should be carefully tested.
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