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While recent studies on wurtzitic aluminum scandium nitride (AIScN) ferroelectrics show significant
promise for new computing hardware applications, there remain many challenges stemming from an
incomplete understanding of the complex structure-property relationship in these materials relevant to
device performance issues of practical concern, for example electrical leakage. We take a different
approach: by using ultra-high vacuum vapor phase growth at high temperatures to achieve epitaxial AIScN
thin films on Si(111) substrates, structural parameter variations are minimized. Our aim is a systematic
investigation of structure-property relationships towards improved structural parameter control as
compared to commonly studied polycrystalline films. Characterization of epitaxial AlIScN films shows
several levels of structural disorder: a diffuse epitaxial interface, significant mosaic tilt and twist that
increases with increasing Sc composition, and nanoscale compositional segregation at intermediate Sc
compositions consistent with a spinodal decomposition. Compositionally segregated lamellae are
concurrent with maps of electrical polarization. The present study demonstrates increased structural
disorder with increasing Sc composition in AIScN, and highlights the connection between structural
disorder and polarization domains. Epitaxial AIScN on Si(111) is a potential model system to systematically
investigate structure-property relationships in wurtzitic alloy ferroelectrics and a promising platform for
materials discovery for other non-conventional ferroelectrics.
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Abstract

We report growth of epitaxial wurtzite AIScN thin films on Si(111)
substrates with a wide range of Sc concentrations using ultra-high
vacuum reactive sputtering. Sc alloying in AIN enhances
piezoelectricity and induces ferroelectricity, and epitaxial thin films
facilitate systematic structure-based investigations of this
important and emerging class of materials. Two main effects are
observed as a function of increasing Sc concentration. First,
increasing crystalline disorder is observed together with a
structural transition from wurtzite to rocksalt at ~30 at% Sc.
Second, nanoscale compositional segregation consistent with
spinodal decomposition occurs at intermediate compositions,
before the wurtzite to rocksalt phase boundary is reached. Lamellar
features arising from composition fluctuations are correlated with
polarization domains in AIScN, suggesting that composition
segregation can influence ferroelectric properties. The present
results provide a route to the creation of single crystal AIScN films
on Si(111), as well as a means for self-assembled composition
modulation.

Keywords: AIScN, epitaxial growth, spinodal decomposition

1. Introduction

There is significant current interest in ferroelectric aluminum nitride-
based alloys. These materials are being explored for potential
ferroelectric or piezoelectric device applications. As ferroelectric
materials, AISCN and AIBN exhibit significantly higher remanent
polarizations compared to established materials such as lead
zirconium titanate, and remain stable at temperatures greater than
1000°C. 2 As piezoelectric materials, nitride-based alloys with
various alloying components have been found to exhibit significantly
enhanced piezoelectric constants and can be grown using processes
compatible with Si CMOS for state-of-the-art MEMS devices.3¢
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Because electrical leakage is a major challenge in AIN-based
ferroelectrics and piezoelectrics, many recent studies have
highlighted methodologies to improve device stability by mitigating
leakage currents and dielectric breakdown.”13 Some reports of
abnormally oriented grains suggest that there are structural origins
underlying problems with device performance.14-16

A significant fraction of ferroelectric/piezoelectric devices reported
in the current literature are fabricated from columnar nanocrystals,
making a systematic structure-based study difficult. One difficulty
stems from the nonuniformity of poly-/nano- crystalline samples, for
which effects of multiple grain orientations and grain boundaries are
difficult to evaluate. Another difficulty stems from the importance of
isolating structural variables to determine the causal relationship for
device behavior, including grain size, crystallographic orientation,
and alloy composition. Because ferroelectric and piezoelectric
response are influenced by many structural variables, minimizing
structural variation through investigation of epitaxial thin films
provides one route towards a better understanding of the structure-
property relationship.

Hetero-epitaxial growth of AIN thin films has been known for at least
four decades, through reactive sputtering,” chemical vapor
deposition,!® or molecular beam epitaxy.® While epitaxial growth of
AlIScN has been shown on iso-structural GaN substrates?® 2t and on
sapphire substrates,?2 growth on Si substrates is advantageous due
to the lower cost and potential integration with electronics. There
are also a number of reports of sputtered epitaxial AIScN films.23-25
Here, we report the growth of epitaxial AIScN thin films on Si(111)
substrates using ultra-high vacuum (UHV) reactive sputtering. This
approach fixes the in-plane orientation of AlScN with respect to the
Si wafer, and has been demonstrated on epitaxial Mo/AIN templates
on Si(111).26 While the films remain epitaxial with increasing Sc
concentration, significant structural disorder arises as the material
undergoes a transition from a wurtzite structure on the pure AIN end
to a rocksalt structure on the pure ScN end. Epitaxial AIScN films
grown on Si provide a material platform to systematically investigate
the structure-property relationship of wurtzite-based compound
ferroelectrics and piezoelectrics.

At intermediate Sc concentrations, nanoscale compositional
segregation between Al and Sc is observed in epitaxial AlIScN films on
Si(111) (vide infra).?’ In systems exhibiting a miscibility gap, uphill
diffusion can occur in the unstable region of the phase diagram,
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known as spinodal decomposition. While it is known that AIN and
ScN have a positive enthalpy of mixing,2® this type of compositional
segregation has not been commonly reported. There has been one
report of spinodal decomposition in co-sputtered AIScN, but this has
only observed when the Sc concentration is above 50 at%.%’
Interestingly, compositional modulation has been proposed to
improve dielectric breakdown strength in AIScN.8 Controlled
spinodal decomposition in AIScN alloys may provide an alternative
means by which compositional modulation can be achieved.

2. Materials and Methods

AIN and AlScN thin films were grown in an UHV dc magnetron sputter
deposition system with base pressure below 5x10° Torr. The
deposition system consists of a growth chamber pumped by one
turbomolecular pump and one cryogenic pump and a
turbomolecular-pumped load-lock chamber. The growth chamber
accommodates 75 mm sputter sources for Al (99.99%) and Sc
(99.99%). Low resistivity As-doped n*-Si(111) substrates, with
diameter of 50 mm and resistivities in the range of 0.001-0.005 Q-
cm, were cleaned ultrasonically in acetone and ethanol, etched
alternately in 10% (v/v) HF and 40% (v/v) HNOs, blown dry with dry
N,, mounted onto a Mo holder, evacuated in the load-lock chamber,
and transferred into the growth chamber. The front side of the Si
wafers faced incoming vapor fluxes while the back side faced a SiC-
based electric heater. The actual substrate temperature was
calibrated through direct optical access infrared pyrometry, with the
Si emissivity set at 0.68. The Si wafers were heated in the growth
chamber to ~800 °C for 30 min prior to film deposition at the same
temperature. All growths were carried out in an Ar/N; mixture, with
an input Ar (99.999%) flow rate of 20 sccm. For AIN films, epitaxial
films were achieved using N, (99.999%) flow rates greater than 2.5
sccm. For lower N; flow rates, metallic Al is observed, and for N, flow
rates higher than 8 sccm, the growth rate decreases significantly. The
targets were sputtered in a dc mode, and a -40 V substrate bias was
applied. Growth of AIN and AlScN films occurred with the Al target
operated at 1.2 A and varying Sc target currents (0 A, 0.4 A, 0.54 A,
and 0.7 A) to vary the Sc concentration. For these Sc gun currents, N,
flow rates of 5.0, 6.0, 6.0, and 6.2 sccm were used, respectively, to
ensure sufficient nitrogen incorporation into the films. After growth,
the specimens were allowed to cool to room temperature before
being transferred out of the growth chamber.

The composition and crystal quality of the AIN/Si(111) and
AIScN/Si(111) specimens were characterized by X-ray diffraction
(XRD, PANalytical Empyrean), and Scanning/Transmission Electron
Microscopy (S/TEM, JEOL NEOARM 30-200kV, JEOL JEM-F200). The
JEOL NEOARM 30-200kV is equipped with two large-area silicon drift
detectors (SDD) for EDS with 1.7 steradian solid angle for X-ray
Energy Dispersive Spectroscopy (EDS) measurements. For XRD, the
incident Cu Ka X-ray passed through a four-bounce Ge(220)
monochromator, selecting an incident wavelength A = 1.540598 A.
The specimens were mounted on a yx-¢-x-y-z stage, allowing
symmetric 6/26, asymmetric ¢,  rocking curve, and reciprocal space
mapping (RSM) scans to be performed. Scattering signals were
collected with a PIXcel 3D detector with and without a three-bounce
Ge(220) analyzer crystal in the diffracted beam path. TEM samples
were prepared using a ThermoFisher Helios G4 dual beam Xe plasma
focused ion beam/scanning electron microscope (PFIB/SEM).
Electron beam induced deposition of Pt, followed by ion beam
induced deposition of Pt was used to protect the sample from the ion

2| J. Name., 2012, 00, 1-3

Nanoscale Horizons

beam. The sample was thinned at successively lower accelerating
voltages, with final thinning performed at 8 kV. All TEM experiments
were carried out at a 200 kV accelerating voltage. Probe aberration
corrected STEM was performed using the JEOL NEOARM 30-200 kV
using probe size 6C and a 40 pm condenser aperture, leading to ~
120 pA probe current. EDS mapping in STEM was performed using
the JEOL JEM-F200 equipped with dual silicon-drift detector EDS
systems with a large solid angle (1.7 sr) using probe size 7 and a 40
pm condenser aperture, leading to ~ 60 pA probe current.

The JEOL JEM-F200 S/TEM instrument was used in the scanning
transmission (STEM) mode for 4D-STEM diffraction experiments. For
STEM image collection, a 40 um condenser aperture was used with a
probe size of 7, giving approximately 50 pA of probe current (~1.6 A
probe size). Diffraction patterns in 4D-STEM were collected using a
10 um condenser aperture in order to minimize overlap in diffraction
disks; a 0.04 s dwell time was used to collect a 1k x 1k diffraction
pattern at each pixel using a Gatan OneView in situ CCD camera (4k
x 4k resolution) with 4x software binning. Drift correction was
performed once every row with the high-angle annular dark field
(HAADF) detector inserted while the diffraction patterns were being
collected. Differential phase contrast maps were performed by
analyzing beam displacement using the center-of-mass method.
Thus, for each diffraction pattern, the beam displacement
coordinates are obtained through the integrals of each coordinate
weighted by the intensity distribution function.

3. Results

The Al and Sc concentrations within AIScN films deposited on Si(111)
substrates using UHV reactive sputtering were determined through
EDS in STEM (Fig. 1(e), also vide infra). The Sc concentrations of the
AIScN films are ~ 0 at.%, 19 at.%, 31 at.%, and 37 at.%. The structure
of AIN and AIScN films with varying Sc concentrations was
characterized using XRD. The symmetric 6/20 scans are depicted in
Fig. 1(a). In addition to the Si substrate reflections, only one family of
AIScN reflections are observed, which can be indexed to wurtzite
(0002) and (0004) when also considering electron diffraction data
(vide infra). This indicates that the AIN and AIScN films are completely
textured with AIScN (0001)//Si (111). The corresponding asymmetric
360° ¢ scans for the wurtzite (1013) reflection of AIN/AIScN films and
the Si (513) reflection are shown in Fig. 1(b). Six AIScN (1013) peaks
are observed at 60° intervals for AIN and AIScN, with each peak in
the middle between two Si (513) peaks, offset by 30°. Figures 1(a)
and 1(b) show that the AIN and AIScN films adopt the wurtzite
structure and are epitaxial, with the film/substrate orientation
relationship of AIScN (0001)//Si (111) and AlScN (1120)//Si (110). As
a function of increasing Sc concentration, intensities of the wurtzite
peaks decrease in both the symmetric 0/20 scans and the
asymmetric ¢ scans. Figure 1(c) replots the symmetric 6/26 scan data
around the AIN/AIScN (0002) reflection. As the Sc concentration
increases, in addition to the obvious decrease in the (0002)
diffraction peak intensity, the peak width also increases significantly.
The symmetric shape of the AIN (0002) peak evolves into one with
two shoulders with 20 values respectively lower and higher than that
corresponding to the peak intensity. For the Al 635co.37N film, the two
shoulders reach 26 values of ~34.5° and ~38°, respectively, with the
peak 26 value at ~35.59°. This indicates the existence of significant
variations in the local out-of-plane lattice spacing d(0002) from ~0.24
nm to ~0.26 nm, with that corresponding to the peak at 0.252 nm.
Figure 1(d) shows measured w rocking curves for AIN and the AlScN

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. XRD reciprocal space mapping (RSM) of AIN and AIScN with 19 at.% Sc: (a) typical intensity distribution around the
Si (111) reflection; (b) intensity distribution around the wurtzite (0002) reflection of the AIN specimen; (c) intensity distribution
around the wurtzite (0002) reflection of the AIScN specimen with 19 at.% Sc.

film with 19 at.% Sc. Sc alloying increases the rocking

width-at-half-maximum (FWHM) from ~1.8° to ~8.4°. For higher Sc

concentrations, the w rocking curves are even broader.

This journal is © The Royal Society of Chemistry 20xx

curve full-

Figure 2 shows results of XRD reciprocal space mapping (RSM) scans.
Diffracted intensity distributions are plotted around the Si (111) and

wurtzite (0002) reflections, with the Q-direction parallel to the
growth direction and the Qyx-direction along the in-plane direction.

J. Name., 2013, 00, 1-3 | 3
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AISCN ~19 at.% Sc

(b)

Fig. 3. TEM and SAED characterization results: (a) cross section phase contrast image (left) and associated SAED pattern (right)
of the AIN film. The SAED shows a superposition of Si [110] and wurtzite [1120] zone axis patterns; (b) cross section phase
contrast image (left) and associated SAED pattern (right) of the Alg.g1Sco.19N film. The SAED shows a superposition of Si [110]
and wurtzite [1120] zone axis patterns. Indexing of diffraction spots and one unit cell of the reciprocal space net for Si and
wurtzite are shown respectively in red and blue. The blue arrow in (b) highlights the wurtzite (0002) diffraction spot, indicating

a significantly increased film mosaic spread when Sc is incorporated into AIN.

RSM data around the Si (111) reflections of different AIN and AIScN
specimens are consistent, a typical one of which is shown in Fig. 2(a).
Measured value of the peak FWHM is consistently ~0.8x10
reciprocal lattice unit (rlu) in both x and y directions, with 1 rlu = 2/A
= 12.98187 nm. As shown in Figs. 2(b) and 2(c), the (0002) peak
intensity distributions in reciprocal space are much more extended.
The width of the (0002) peak in the in-plane (Q) direction is ~100x10-
4 rlu for the AIN specimen and ~400x10 rlu for the AIScN specimen.
This increased reciprocal space width in the in-plane-direction when
Scisincorporated into AIN is consistent with the w rocking curve data
shown in Fig. 1(d). Furthermore, the significantly larger (0002) peak
width in the out-of-plane (Q,) direction for the AIScN specimen as
compared to that for the AIN specimen, > 50x10 rlu vs. < 20x10*
rlu, is also consistent with the 6/260 scan data shown in Fig. 1(c). Data
shown in Figs. 1 and 2 indicate that, as increasing amounts of Sc is

4| J. Name., 2012, 00, 1-3

added to AIN, the mosaic spread of the AIScN film increases and the
out-of-plane lattice spacing d(0002) exhibits increased variation.

Further structural characterization of as-deposited AIN and AIScN
films was conducted with TEM, through high resolution phase
contrast imaging and selected area electron diffraction (SAED). The
phase contrast image shown in Fig. 3(a) shows clear lattice fringes in
the AIN film and the Si substrate. The associated SAED from the
imaged area shows a superposition of Si [110] and wurtzite [1120]
zone axis patterns. The presence of a strong wurtzite (0001) double
diffraction spot provides clear evidence that the AIN film adopts the
wurtzite structure. Data shown in Fig. 3(a) confirms that the AIN film
is wurtzitic and epitaxial on Si(111), with Si (111)//AIN (0001) and Si
(110)//AIN (1120), in agreement with the XRD data shown in Fig. 1.
Figure 3(b) shows that the Algs1Sco.19N film continues to adopt the
wurtzite structure and is epitaxial on Si(111), with the same

This journal is © The Royal Society of Chemistry 20xx



Nanoscale Horizons

" AISCN ~31 at.% Sc

(a)

(b)

Fig. 4. TEM and SAED characterization results: cross section phase contrast image (left) and associated SAED pattern (right)

obtained from (a) the AlggsSco.31N film; (b) the AlgssScos7N film. In the SAED patterns, indexing of Si diffraction spots and
reciprocal space net is shown in red; indexing of film diffraction intensities consistent with that from a rocksalt structure and

the associated reciprocal space net are shown in blue; and indexing of film diffraction intensities consistent with that from a

wurtzite structure and the associated reciprocal space net are shown in green. The blue arrows highlight the (0002)/(111)

diffraction spots, showing very large film mosaic spreads.

orientational relationship of Si (111)//AlScN (0001) and Si
(110)//AIScN (1120). While the phase contrast image continues to
show lattice fringes in both the AIScN film and the Si substrate, the
associated SAED indicates increased structural disorder. The
increased intensity spread perpendicular to the growth direction for
the wurtzite (0002) diffraction spot indicates increased film mosaic
spread, consistent with information from the XRD data shown in Figs.
1 and 2. The intensity of the wurtzite (0001) double diffraction spot
also decreases significantly as compared to that of the AIN film,
shown in Fig. 3(a).

At higher Sc concentrations, 31 at.% and 37 at.%, intensities of the

AIScN film diffraction spots are further decreased as compared to
those of the Si substrate. While phase contrast images from the

This journal is © The Royal Society of Chemistry 20xx

A|0_595C0_31N film [Fig. 4(3)] and the A|0_535C0_37N film [Fig. 4(b)]
continue to show lattice fringes with orientation correlation with the
Si(111) substrate, the SAED patterns obtained from these two films
exhibit a number of common features. First, film diffraction
intensities at the reciprocal space location corresponding to wurtzite
(0002) indicate substantially higher film mosaic spreads as compared
to that for AlpsiSco1sN, shown in Fig. 3(b). Second, the wurtzite
(0001) double diffraction spot is conspicuously missing in SAED
patterns for AlggsSco3iN and AlggsScos7N. Third, film diffraction
intensities are observed at reciprocal space locations that are
consistent with both a wurtzite structure and a rocksalt structure, as
shown by the schematic reciprocal space nets drawn respectively in
green and blue [Figs. 4(a) and 4(b)]. Reported bulk lattice constants
for the wurtzite AIN are a = 0.311 nm and c = 0.498 nm,? and

J. Name., 2013, 00, 1-3 | 5
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Fig. 5. HAADF STEM images and EDS maps of (a) AIN, (b) Alp.g15Sco.19N, (c) Alo.6sSCo.31N, (d) Alo.s35Co.37N.

reported bulk lattice constant for rocksalt ScN is 0.450 nm.3° The bulk
lattice spacing d(0002) of the wurtzitic AIN is 0.249 nm, and the bulk
lattice spacing d(111) of the rocksalt ScN is 0.259 nm. When Al is
added to rocksalt ScN, the lattice constant decreases,3% 32 and when
Scis added to wurtzite AIN, the c lattice constant increases as shown
in the present XRD data, making wurtzite d(0002) and rocksalt d(111)
values even closer. When the Sc concentration exceeds 30 at.%,
there is coexistence of both the wurtzite and rocksalt phases as
shown by the electron diffraction intensity distributions. However,
localizing the different crystal structures spatially in the HRTEM
images is not always possible due to complications in the phase
contrast arising from large mosaic spread.

STEM-EDS maps of AIN and AIScN films are shown in Fig. 5. The STEM
high angle annular dark field (HAADF) images all show columnar
lamella, which are most pronounced in the 19 at% Sc sample [Fig.
5(b)]. Because the primary mechanism of contrast in these images
arises from mass-thickness/atomic number, these images are
consistent with compositional segregation. The EDS maps in Fig. 5(b)

6 | J. Name., 2012, 00, 1-3

show that compositional segregation of Sc and Al occurs into
lamellar-like structures with wavelengths ~10 nm. The N
concentration is not completely uniform either. This could be
consistent with non-uniform nitrogen vacancy concentration or
variations in sample thickness. While STEM image contrast persisted
in AIScN with Sc concentrations of 31 at% and 37 at%, no significant
Sc or Al compositional segregation is observed in these samples.

In 4D-STEM differential phase contrast mapping3? of the AIN and
AIScN films, Fig. 6, the circular color bar is a representation of the
ferroelectric polarization vector in polar coordinates, with intensity
indicating the magnitude and color indicating the angle/orientation.
The images show that domains arise in the material, consistent with
nonzero polarization of the material (Fig. 6). In AIN, the differential
phase contrast shows domains that are wide and column shaped.
The column shaped contrasts are coincident with contrast observed
in the STEM images. Differential phase contrast in the 19 at.% Sc
sample matches the lamellar structure observed in the STEM-EDS
maps and HAADF-STEM images. The 31 at.% Sc sample also exhibits

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7. Aberration corrected STEM HAADF images of: (a) AIN; (b) Alps1Sco1sN. The electron beam is along the Si [110] zone
axis direction.

domains showing variations in the beam displacement. Such domain
variations, however, are decreased as compared to those in the 19
at.% Sc sample. Finally, the 37 at.% Sc sample shows significantly
lower magnitude in variation of polarization in the AIScN film region,
and the variation occurs on a significantly shorter length scale. We
note that the 37 at.% Sc sample includes the polycrystalline metal
top electrode, which shows differential phase contrast that arises
from differences in crystallographic orientation. Because the center-
of-mass method is used, relative changes in diffraction intensity that

This journal is © The Royal Society of Chemistry 20xx

result in shifting of the center of mass of the diffraction pattern also
result in differential phase contrast.

To further examine the interface between the nitride films and the
Si(111) substrate, high resolution STEM imaging was performed on
the AIN and Alo.s15co.19N samples. Figure 7(a) shows a STEM HAADF
image of the interface between AIN and Si(111), with the specimen
oriented along the Si [110] zone axis direction. The lattice fringes in
the Si region show separation between Si atomic columns, indicating
that the image resolution is < 136 pm. The interface appears diffuse

J. Name., 2013, 00, 1-3 | 7
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and disordered. Atomic columns at the interface appear blurred. The
nitride films appear to have significant mosaic spreads, as the lattice
fringes show significant tilt. The contrast in the STEM HAADF image
appears to be inverted with respect to expectations, as Al and N are
lighter than Si and Z-contrast is the main contrast mechanism in
STEM. Similar image features are observed around the interface
between Algg1Sco.19N and Si(111). In Fig. 7(b), the Si substrate lattice
fringes also show clear separation between atomic columns,
indicating an image resolution of < 136 pm. There are several
hemispherical shapes with blurred atomic columns at the interface
between AIScN and Si, indicating that this interface is also diffuse.
Similar to the AIN sample, the AIScN lattice fringes are also consistent
with significant mosaic spread. However, as Sc is significantly heavier
than Si, the contrast could be consistent with that expected from Z-
contrast.

4. Discussion

While epitaxial growth of AIN on Si(111) substrates is well known, the
effect of Sc alloying holds significant interest from an application
standpoint. AIScN has been known to adopt the metastable rocksalt
structure when grown epitaxially on TiN buffer layers on MgO
substrates.3l 32 This suggests that the free energy difference
between the wurtzite and rocksalt structures is small, and that
growth kinetics may play an important role in structure selection.
While the XRD results show that the AIN and AIScN films exhibit both
out-of-plane and in-plane registry with the Si(111) substrate, the
present collection of data confirms the role of Sc alloying on mosaic
spread in AIScN and provides context for the concurrent observation
of compositional segregation in AIScN. First, the intensity of the film
diffraction peaks falls dramatically as the Sc concentration increases.
Second, the rocking curve width increase due to Sc alloying is large.
This shows that the mosaic spread in the film increases significantly
as the Sc concentration increases, and Sc alloying significantly
increases disorder in the as-grown film.

While the HRTEM imaging does not show clear differences in the AIN
and AIScN films, contrast in the images arising from mosaic
boundaries is similar to other reports of sputtered AlScN,3% 3> and the
SAED data are consistent with the differences observed from the XRD
data. Electron diffraction features from the AIN film grown on Si(111)
are spot-like, whereas diffraction features from the AIScN film are
arc-like, with the width of the arc increasing as the Sc concentration
increases. This is consistent with the observed increase in ® rocking
curve width with increasing Sc concentration. SAED shows that AIN
and Al s1Sco.19N both adopt the wurtzite crystal structure. The higher
Sc concentration AIScN films (31 at.% and 37 at.% Sc) exhibit
sufficient disorder that the (0001) wurtzite reflection is no longer
present in the electron diffraction pattern. Film diffraction intensities
appear at reciprocal space locations corresponding to wurtzite
(1100) and rocksalt (111) spots [Figs. 4(a) and 4(b)]. The large
extent of these arc-shaped spots in reciprocal space is consistent
with significant misorientation of the crystal in real space. At the Sc
concentrations of 31 at.% and 37 at.% Sc, the increased disorder and
altered diffraction intensity distribution in reciprocal space are
consistent with the onset of a wurtzite to rocksalt structure
transition. Sputtered polycrystalline AIScN films have been reported
to be wurtzite at concentrations as high as 43 at.%,! while epitaxial
AIScN films have been reported to be wurtzitic at Sc concentrations
up to 41 at.%.2> The present results indicate that, for high
temperature reactive sputtering, while the wurtzite structure is
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retained in AIScN films up to ~ 20 at.% Sc, a disordered and
structurally confused wurtzite structure is observed starting at ~ 31
at.% Sc, indicating the onset of a wurtzite to rocksalt structure
transition. The discrepancy between the present results and previous
reports may be due to the high temperature used in the present
growths, which maintains the system closer to equilibrium as
compared to the lower temperatures used in previous studies to
sputter polycrystalline films. It is also noted that the lattice mismatch
involved in AIN growth on Si(111) is large, ~ 23%. Pseudomorphic
forces involved in epitaxial growth may be another reason for the
discrepancy noted above.

The XRD data hints at the existence of compositional segregation in
the AIScN samples. The shape of the (0002) AIScN peak deviates
significantly from the symmetric shape of the AIN (0002) peak [Fig.
1(c)], with significant intensity shoulders observed on the
higher/lower 20 sides away from the peak. The asymmetric peak and
the intensity shoulders indicate that the (0002) lattice plane spacing
is no longer uniform, and the film contains different portions with
larger and smaller lattice constants, i.e., higher and lower Sc
concentrations. The STEM-EDS mapping results, Fig. 5(b), are thus
consistent with the XRD data. The observation that only the AIScN
film with the intermediate Sc concentration of 19 at.% exhibits
lamellar compositional segregation is consistent with spinodal
decomposition. In a material system with a positive heat of mixing,
the Gibbs free energy as a function of composition at some
temperatures can become convex for some intermediate subset of
compositions. If a film has a uniform composition within the region
in which G is convex, any compositional fluctuation will reduce the
overall Gibbs free energy. On the other hand, composition
fluctuations outside this region do not exhibit this behavior. For
models only considering configurational entropy such as the regular
solution model, this means that compositional segregation that
occurs at lower compositions and disappears for higher compositions
could be consistent with spinodal decomposition. Although there is
a report of spinodal decomposition in the AIScN material system,?’
the composition at which phase separation is observed is
significantly lower in the present work. The higher growth
temperatures required for epitaxial growth likely result in more
favorable kinetics for the compositional segregation; alternatively,
epitaxial misfit strain induced by the substrate could play a role. It is
interesting to note that this type of compositional segregation was
not reported in either polycrystalline films grown at low
temperatures by sputtering,3® or epitaxial films grown at high
temperatures by MBE.2! One possibility is that the epitaxial misfit
strain at the AIScN/Si interface acts as a driving force for spinodal
decomposition, as strain-driven spinodal decomposition is known in
ferroelectric and ferroelastic materials.3”. 38 Furthermore, the
lamellar compositional fluctuations coincide with differential phase
contrast maps obtained using 4D-STEM. Because 4D-STEM
differential phase contrast mapping provides information on electric
fields and therefore ferroelectric polarization of the material,3? this
suggests that the polarization domains in AIScN are affected by
compositional fluctuations. Because previous reports have
suggested benefits to device properties such as dielectric breakdown
from adopting superlattice structures with composition variations,?
the possibility of leveraging spinodal driven compositional
segregation provides an alternate avenue through which self-
assembled compositional modulation in epitaxial AIScN thin films can
be achieved.

This journal is © The Royal Society of Chemistry 20xx
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Epitaxial single crystal thin films of AIScN are promising because they
provide a materials platform to systematically investigate the
structure-property relationship of wurtzitic
ferroelectrics/piezoelectrics, which include not only AIN based alloys
(AIBN, AIScN), but also ZnO based alloys.*® This approach paves the
way for a structure-based approach to understanding device
property challenges such as electrical leakage and reliability. The
present work clearly demonstrates that reactive sputtered AIScN
films on Si(111) are epitaxial. Structural characterization shows that
there are a number of challenges in this material system that arise
from different levels of disorder. First, the large epitaxial mismatch
between AIN (and AIScN) with Si, ~23% for AIN grown on Si(111), lead
to a significant mosaic spread. As a result, while AIScN films maintain
both in-plane and out-of-plane registry with the Si(111) substrate,
there are mosaic boundaries that appear very similar to low-angle tilt
boundaries due to slight misorientations between neighboring
mosaic domains. The significant number of dislocations that result
could contribute to the observed contrast reversal in the STEM
HAADF image of AIN [Fig. 7(a)].** While it is unknown what the
effects of these mosaic boundaries are on the electrical properties of
the material, this can in principle be studied by minimizing these
types of boundaries through growth of a suitable buffer layer.
Second, composition fluctuations resulting from spinodal
decomposition add another layer to order and disorder in the
material system. While previous reports suggest that compositional
segregation may benefit device performance, they also emphasize
the importance of controlling structural/compositional variations
that can influence optoelectronic device properties. Finally, the
structure transition between wurtzite and rocksalt in AIScN offers
another degree of freedom in tuning physical properties, details of
which remain to be clarified in the future.

5. Conclusion

Epitaxial AIScN thin films on Si(111) were successfully grown using
UHV reactive sputtering. The AIScN films form an ideal model system
for investigation of wurtzite-based ferroelectrics/piezoelectrics:
crystal growth occurs on a facile substrate, and better control over
structural parameters influencing electrical properties is achieved
through epitaxy. AIScN is observed in the wurtzite structure up to ~
20 at.% Sc. Significant structural disorder develops at higher Sc
content, > 30 at.% Sc, coincident with the onset of a wurtzite to
rocksalt structure transition. Furthermore, we observe that the high
temperature used for epitaxial growth leads to spinodal
decomposition even at ~ 20 at.% Sc, which has not been previously
reported. This provides a means for self-assembled compositional
segregation in AIScN. 4D-STEM measurements show that
polarization domains coincide with the spinodal lamella, suggesting
that device behaviors associated with compositional fluctuations
could have a structural origin.
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