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While aluminum scandium nitride based ferroelectric materials
have shown significant promise for non-volatile memory applica-
tions, difficulties relating challenges in device performance, such as
electrical leakage, to structural characteristics motivate improved
understanding of the fundamental structure—property relationship.
Spinodal decomposition has been reported in this material system,
consistent with our observation of compositional segregation in
AlScN films grown by reactive sputter epitaxy. To better understand
the effects of spatially non-uniform Sc concentrations, the electro-
nic and ferroelectric (FE) properties of AlScN as a function of Sc
distribution are studied using density functional theory (DFT). We
explore the impact of Sc-rich atomic planes in wurtzite AlScN with
Sc concentration ranging from 0 to 44 at% through a supercell
approach. We find that while spontaneous polarization decreases
with Sc concentration (~133 to 102 pC cm~32), periodic Sc-rich
planar clusters slow this effect, suggesting that phase segregation
counters the effects of increasing Sc composition. Furthermore, the
FE switching barrier per formula unit (f.u.) as a function of composi-
tion exhibits a local maximum of 0.60 eV f.u."* at 25% Sc concen-
in the presence of Sc-rich planes but decreases
monotonically (0.51 to 0.28 eV f.u.”?) if Sc is uniformly distributed,
suggesting that the spatial distribution of Sc plays an important role

tration

in the optoelectronic properties of the material by changing the
energy landscape. Sc clustering also decreases the bandgap of the
material. This study shows that the structural complexity arising
from spatial composition modulation provides tunability of ferro-
electric properties in AlScN ferroelectrics.

Recent reports of wurtzite AlScN ferroelectrics show that these
materials are promising for non-volatile memory applications
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New concepts

Recent interests in ferroelectric AlScN for non-volatile memory

applications stem from high remanent polarization and a wide memory
window. However, structural complexity in these materials, including the
tendency for compositional segregation, obfuscates the structure-prop-
erty relationship. We find that compositional order/disorder in these
materials plays an important role in the free energy landscape for ferro-
electric switching, suggesting that the influence of compositional order/
disorder on ferroelectric properties in this class of materials merits
further study.

such as ferroelectric random-access memory (FeRAM)."” These
materials exhibit high remanent polarization but are known to
suffer from electrical leakages that have been hypothesized to
originate from point defects such as vacancies.® While AlScN
adopts a wurtzite structure for lower Sc concentrations, a phase
transition to a rocksalt structure begins at ~30 at% Sc.” There
is a miscibility gap between the Al-rich wurtzite and Sc-rich
rocksalt phases, and the heat of mixing of AIN and ScN is
positive:® as a result, at certain temperatures, the free energy
change resulting from a compositional fluctuation will be
negative, giving rise to a phase instability. While spinodal
decomposition in AlScN has been reported,'® its effects on
the ferroelectric behavior are not known. On the one hand,
compositional modulation in AlScN multilayer structures has
been shown to increase the electric field at which dielectric
breakdown occurs."! One motivation for this approach to ferro-
electric materials comes from interface physics."*'® On the
other hand, uniformity of Sc spatial distribution in AlScN can
be thought of as another structural parameter related to
compositional order/disorder. While ordering in metal alloys
is well-known,'®"” this phenomenon in wurtzite solid solutions
based on AIN has not been explored in detail.

To illustrate the importance of Sc spatial distribution, we
show scanning transmission electron microcopy (STEM) data
from epitaxial AlScN(0001) thin films grown on Si(111) sub-
strates exhibiting compositional segregation. These films
(approximately 20 at% Sc) are synthesized by ultra-high vacuum

This journal is © The Royal Society of Chemistry 2024
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(a) Atomic resolution HAADF STEM image and (b) inset (blue rectangle) of an epitaxial AIScN film on a Si(111) substrate with Si atomic columns and

AlScN lattice fringes marked; (c) EELS spectrum from regions 1, 2, and 3 in (a); STEM-EELS (d)—(f) and STEM-EDS maps (g)-(j) of the orange rectangle in (a)
showing MLLS fit coefficients for the spectra from regions (d) 1, (e) 2, and (f) 3; STEM-EDS signals from (g) AL, (h) Sc, (i) N, and (j) Si.

reactive sputtering, which has been reported elsewhere (further
experimental details are provided in the ESIt).” Fig. 1a shows a
high-angle annular dark field (HAADF) STEM image, which is
highly sensitive to the atomic number.'® At atomic resolution,
this compositional non-uniformity is observed using electron
energy loss spectroscopy (EELS). High resolution STEM HAADF
images (Fig. 1a and b) show significant disorder at the Si/AlScN
interface as well as mosaic spread as observed through lattice
fringe tilt in the AlScN film (Fig. 1b). STEM-EELS spectra
collected from Sc- and Al-rich regions (regions 1 and 2, respec-
tively) and the Si substrate (region 3) are shown in Fig. 1c.
Fitting the total spectrum as a linear combination of the spectra
in these regions using the multi-linear least squares (MLLS)
method yields fit coefficient plots (Fig. 1d—f) that are consistent
with STEM-EDS maps (Fig. 1g-j). Experimental evidence of
compositional segregation in wurtzite AISCN motivates a deeper
look at the effects of compositional order/disorder in this

This journal is © The Royal Society of Chemistry 2024

material. Confirmation of ferroelectric behavior in these films
is given in the ESIY (Fig. S5).

We study Sc composition distribution effects on ferroelectric
behavior in wurtzite AlScN by performing density functional
theory (DFT) calculations of the band structure and polarization
(further simulation details are provided in the ESIt). To do this,
we generate two configurations of AlScN supercells: (1) in which
Sc atoms are crowded into a single basal plane, forming a Sc-rich
planar cluster and (2) in which Sc atoms are distributed approxi-
mately evenly among all basal planes in the supercell (Fig. S1,
additional details in the ESIt). There are several proposed switch-
ing mechanisms in wurtzite ferroelectrics. The wurtzite structure
belongs to the non-centrosymmetric space group p6z;mc and
possesses an intrinsic spontaneous polarization along the c-axis
that comes from the separation of Al and N atoms in basal
planes." Because of the strong bonding in tetrahedrally coordi-
nated cations and anions, it was long thought that these
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Fig. 2 AIN crystal structure change from (a) N-polar to (b) non-polar
layered hexagonal to (c) Al-polar configuration during polarization switch-
ing from Pto -P.

materials are not susceptible to reversible polarization switching
through an external electric field below the dielectric breakdown
limit."**° However, one can envision a Gedanken experiment in
which symmetry-equivalent states of opposite polarity are
obtained by displacing cations relative to anions along the c-
axis direction. In this process, the structure passes through a
centrosymmetric paraelectric state having the h-BN structure
(space group: P6smmc) midway, as shown in Fig. 2, which shows
a schematic illustration of three virtual states of AIN as it under-
goes polarization switching (see also Fig. S2, ESIf). If the
potential energy barrier in switching from one polar state to
the other is sufficiently small, it is possible to induce a

View Article Online
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polarization reversal by the application of electric field.*"**
Recently, different transition states in FE switching of wurtzite
ferroelectrics have been reported, suggesting a significantly more
complex, multi-step switching mechanism.>*° In our simplified
picture, the switching occurs for each unit cell simultaneously
between N-polar and II-polar in a series of virtual states that
traverses through the centrosymmetric h-BN structure, termed
collective switching. However, a more complex approach in which
tetrahedra switch independently has been proposed.*® Atomic
displacements during the switching can be thought of in terms of
lattice vibrations of the h-BN reference structure. In the trans-
verse optical (TO) Ay, mode,””*® neighboring atoms move alter-
nately up and down in the out-of-plane direction, consistent with
collective switching. On the other hand, coupling to lower energy,
long wavelength (e.g. acoustic) phonons could generate a struc-
ture consistent with more pronounced switching in some regions
compared to others. This provides physical insight for the
observation of lower energy barrier to individual as compared
to collective switching. We investigate the effect of composition-
ally segregated Sc-rich planar clusters (similar to experimentally
observed Al- and Sc-rich lamellae in Fig. 1) in the AlScN supercell
on the FE properties. At the same time, we observe changes in the
electronic properties of the system due to the in-plane clustering
of Sc atoms. Because, for x > 0.46, the crystal structure of
Al;_,Sc,N changes to the centrosymmetric rock-salt structure
(no FE properties), we have kept the Sc content in the system
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Fig. 3 Band structure of (a) AIN and Alg s6255C0.4375N (b) with and (c) without in-plane Sc clustering. The vertical axis is the energy in reference to the

Fermi energy (Eg).
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ranging from 0 at% to 43 at%.>° Details of the lattice parameter
calculations are provided in the ESIt (Fig. S3).

The electronic band structure of AlScN along selected high
symmetry directions in the first Brillouin zone and density of
states (DOS) are shown in Fig. 3 and Fig. S3 (ESIt). In Fig. 3(a),
the band structure of pure AIN is shown. Fig. 3(b) and (c) show
the band structure of Al 56255C0.4375N with and without Sc-rich
planes, respectively. The corresponding changes in the DOS are
shown in Fig. S4 (ESIt). Fig. 4 illustrates the band gap of AlScN
as a function of both Sc concentration and in-plane Sc cluster-
ing. We find that the band gap of AlScN is greatest when no Sc is
present with a bandgap of around 4 eV, significantly lower than
the experimental value®® (6.2 eV). While a systematic under-
estimation of band gap is expected due to intrinsic DFT error
stemming from the ability of the exchange correlation func-
tional to describe the behavior of electronic interactions in the

31 useful information can still be obtained from the

system,
calculated band gap variation as a function of Sc concentration.
Comparing Fig. 3(b) and (c), it is observed that in-plane Sc
clustering lowers the bandgap and changes the band structure
of the system. In pure AIN and for the systems in which there is
no in-plane clustering, there exists a parabolic band at the
conduction band edge at the I'-point as shown in Fig. 3(a);
the curvature of this band decreases as a result of Sc clustering.
Sc clustering also results in the conduction band minimum
bearing a band with lower curvature between the high-symmetry
H and K points as shown in Fig. 3(b) and (c). The occurrence of
the lower curvature in the conduction band edge might decrease
electrical conductivity and charge carrier mobility because
electron effective mass is larger in those bands. This could be
consistent with the experimental observation of improved
dielectric breakdown properties in compositionally modulated
AlScN multilayers."! With increasing Sc concentration, the band
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Fig. 4 Calculated band gaps of Al;_,ScyN. The blue and red traces
represent the system with and without in-plane Sc clustering, respectively.
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gap decreases continuously (Fig. 4) and, for each given Sc
concentration, Sc-clustering further lowers the band gap. This
lowering is more pronounced at lower Sc concentrations.

We have calculated spontaneous polarization (Ps) and the
potential energy barrier (E,) for FE switching as a function of
both Sc concentration and the spatial distribution of Sc (uniform
vs. Sc-rich planar clusters). The spontaneous polarization of pure
AIN is 1.326 C m™ > with a FE switching barrier of 0.51 eV fu.™*
This value of P; is in close agreement with previously calculated
values: 1.35, 1.34, and 1.33 C m~2.>>*>?* Also, the FE switching
barrier energy is also consistent with previous reports
(0.51 eV fu.”").** The calculated polarization branches®® and
relative energies associated with each intermediate distortion for
pure AIN are shown in Fig. 5. Here, points A and B are the
polarization values calculated for the N-polar and Al-polar wurt-
zite structures whose values are —0.087 C m ™ * and 0.087 C m >
and fall on the polarization branches®>*® corresponding to 7 = 3
and n = —3, respectively; polarization branches arise due to the
calculation of the polarization as a Berry phase and refer to
periodicity of the calculated polarization with respect to integer
multiples of the polarization quantum of the system originating
from translational symmetry. Similarly, point C corresponds to
the reference centrosymmetric structure where the value of
polarization is 0.000 C m ™2 The polarization quantum for this
system (the separation between polarization branches) is equal to
0.471 C m 2. So, using eqn (S2) (ESI) we get P, = F 0.087 =+
3 x 0.471 — 0 =+ 1.326 C m > It is important to note here that
the points of interest for the system are only 4, B, and C, but to
find the value of n we need to calculate the polarization at several
intermediate values of the internal structural parameter u. The
same process is used to calculate FE polarization for all the
structures considered. In Fig. 6, the energy barrier (in reference to
the wurtzite structure) as well as the double-well energy land-
scape for AIScN FE switching is shown as a function of Sc
composition, x, for an approximately uniform spatial composi-
tion distribution. The graph shows that the energy is lowest in the
wurtzite phase and increases as it reaches a maximum at the
centrosymmetric nonpolar structure. Fig. 7(a) and (b) shows that
the increase in Sc concentration is associated with a decrease in
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Fig. 5 Polarization and relative energy of AIN in the centrosymmetric
reference (see Fig. 2b), wurtzite (see Fig. 2a/c), and intermediate structures.
The parallel blue traces are polarization branches.
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Fig. 6 Double well potential and energy barrier for FE switching of
Al;_,ScN for some Sc concentrations in a system with approximately
uniform Sc spatial distribution.

both spontaneous polarization and the energy barrier for switch-
ing. There is no significant impact of in-plane Sc clustering on
the value of spontaneous polarization. However, a substantial
increase in the energy barrier for FE switching at intermediate Sc
concentrations is observed when Sc-rich atomic planes are pre-
sent. At 25 at% Sc concentration, the energy barrier for FE
switching increases from 0.41 eV f.u.”" to a local maximum of
0.60 eV f.u.”" There is a subsequent decrease in switching barrier
energy when Sc concentrations increase above 25 at%. This result
is consistent with the continuous decrease in switching barrier
for AIScN systems with approximately uniform Sc spatial distri-
butions. One possible consequence is that if Sc/Al can diffuse
locally, Fig. 6 and 7 indicate that high Sc concentrations may
appear at domain wall boundaries of positive and negative
polarization domains to reduce the switching barrier. We
hypothesize that, at long timescales, a strong trend for Sc
compositional segregation could potentially form ordered
states/structures, which can be investigated using larger size
DFT. We note that we perform this calculation for Sc
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concentrations ranging from 0 at% to 43 at%; within this range,
we observe a consistent Sc clustering induced increase in ferro-
electric switching barrier. At higher Sc concentrations, the wurt-
zite structure is not thermodynamically stable - in fact, phase
segregation is observed at as low as 30 at% Sc.’

The present data also suggest that the in-plane clustering of
Sc atoms renders the system more resistant to FE switching and
implies that there exists a range of values for the switching
barrier that the system can take at any given concentration of
the substitutional Sc atoms. We also note that while basal plane
Sc clustering is chosen, there is no particular reason either for
or against Sc clustering in a different crystallographic orienta-
tion or geometry. We have repeated the calculations for Sc
clustering perpendicular to the c-axis and similarly obtained an
increase in ferroelectric switching barrier albeit with a smaller
magnitude (Fig. S6, ESIT). Finally, it has been observed that the
application of biaxial tensile strain in the basal plane of
wurtzite ZnO has effectively reduced the ferroelectric switching
energy barrier.*! To confirm whether a similar effect exists in
AlScN, we also investigate the effect of biaxial basal plane strain
in pure AIN on the switching barrier. A 1% biaxial tensile strain
applied on pure AIN (Poisson’s ratio, v = 0.287)*” slightly
reduces the energy barrier for FE switching (Fig. 7c) similar to
that observed in ZnO. Our result that in-plane Sc clustering
increases the FE switching barrier can also be thought of as
follows: Sc clustering causes the in-plane lattice parameter to
decrease (Fig. S3a), and the resulting biaxial compression
increases the switching barrier.

In summary, the electronic properties and electrical polar-
ization of AlScN as a function of Sc concentration and Sc spatial
distribution are studied using DFT. We find that increased Sc
concentration decreases the bandgap, the spontaneous polar-
ization, and the FE switching barrier in agreement with pre-
vious reports. All of these properties are affected by the spatial
distribution of Sc. In particular, the switching barrier is signifi-
cantly increased when Sc-rich atomic planes are present in
AlScN. While the bandgap is not strongly affected by Sc
segregation, the band structure changes qualitatively due to
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Fig. 7 Effect of Sc concentration on the (a) spontaneous polarization and (b) switching barrier energy of Al;_,Sc,N. The blue trace corresponds to AIScN
exhibiting basal plane Sc clustering; the red trace corresponds to AIScN with approximately uniform Sc spatial distribution. (c) Effect of biaxial strain on

the ferroelectric switching energy barrier in AIN.
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Sc planar clusters. These changes can be thought of as a
response to compositional order/disorder in AlScN. Our results
are also consistent with the correlation between FE switching
barrier and in-plane strain. The connection of the ferroelectric
properties of AlScN to Sc distribution and the detailed length-
scales may provide new insights into the structure-property
relationship in these materials. The present results are impor-
tant because they suggest that compositional segregation in
AlScN, which has been experimentally observed, needs to be
better controlled, as it affects the functional properties in a
complex manner.
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