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Despite the considerable potential and significant promise of aluminum scandium nitride (AIScN) ferroelectric materials for
neuromorphic computing applications, challenges related to device engineering, along with the considerable structural
disorder in thin films grown on various substrates using different vapor synthesis methods, make it difficult to systematically

study the structure-property relationship. In this work, we approach such issues from the crystal growth side by successfully

growing high-quality single crystal AIScN nanowires through ultra-high vacuum reactive sputtering under high substrate bias

and low atomic flux conditions, which leads to simultaneous growth and etching. Characterization of nanowire arrays using

X-ray diffraction and transmission electron microscopy shows that the wires are epitaxial single crystals with significantly

reduced mosaic spread and predominantly single ferroelectric domains. Moreover, ferroelectric and piezoelectric properties

were evaluated using Piezoresponse Force Microscopy. The single crystal AIScN nanowires show an out-of-plane

piezoelectric constant dss that is greater than 20 pm/V, which is higher than that of pure AIN by a factor of ~4.

Introduction

AlScN ferroelectrics show significant promise for use in wide-
ranging device applications, including random-access memory?-
3 and acoustic resonators.*® Epitaxial growth of AlScN thin films
on a wide range of substrates and buffer layers, including
Si(111),” Al,05(0001),® ° Al,03(0001)/Mo(110),1° SiC,4 1! and
GaN(0001)12-14 have been reported. More commonly, columnar
polycrystalline AIScN thin films are grown on a variety of
textured metallic bottom electrodes deposited onto Si wafers.2
15,16 |nterestingly, the mosaic spread of epitaxial single crystals?
and columnar nanocrystalsl’- 18 are about the same, on the
order of several degrees. This fact has been well documented
and attributed to several factors: 1) lattice mismatch between
AIScN and the substrate (or the buffer layer on which it is
grown) results in a high density of crystallographic defects, such
as dislocations;1° 2) island nucleation/Volmer-Weber growth?2®
21 |eads to mosaic domains that, while on-average exhibiting in-
and out-of-plane orientational registry with the bulk substrate,
are misoriented from each other; 3) complexity of the
film/substrate heterointerface.”” 10 22 The last factor,
particularly in polycrystalline materials, can be difficult to
characterize structurally due to the simultaneous variation in
multiple structural parameters. Consequently, adopting a
materials structure-based approach for device optimization,
such as reducing electrical leakage in ferroelectric AIScN, proves
challenging. The difficulty lies in isolating the effects of
individual structural features on the electrical properties.
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Several crystal growth methods can be employed to reduce
structural disorder. For thin films, one approach involves using
selective area growth,?3 24 which truncates crystallographic
defects by creating high-aspect-ratio openings in a hard mask.
Epitaxial lateral overgrowth?5-27 is then employed to obtain
continuous films. For this to work, it is crucial to select an
appropriate material for the mask,28 29 ensuring that deposition
occurs primarily through the mask's holes on the substrate and
minimally on the mask itself. Selective area growth has been
reported in numerous studies, utilizing techniques such as
chemical vapor deposition (CVD)3% 3! and molecular beam
epitaxy (MBE).32 33 Although sputtered films generally exhibit a
higher sticking coefficient on substrates, exploiting the
difference in nucleation between the substrate and the mask
can still enable the achievement of selective area growth.34-36

Similar to selective area growth, nanowire growth offers
another pathway to decreased structural variation and
defects.3740 The small areal cross-section of wire growth
minimizes effects of lattice mismatch, and finite size effects help
limit the presence of mosaic domain structure when the
nanowire radius approaches the average domain size. CVD and
MBE growth of epitaxial nanowires has been used to synthesize
defect-free single crystal 11I-V nanowires on Si substrates.33 40
Growth of Ill-nitride nanowires has also been demonstrated.3%
41-43 However, while vapor-liquid-solid (VLS) growth of epitaxial
GaN nanowires on Si(111) can be achieved using CVD, MBE, or
sputtering, growth of AIN based nanowires is less
straightforward.** Despite AIN and GaN having similar melting
points (3073K and 2493K, respectively),*> 46 the mobility of
surface species differs significantly between AIN and GaN
material systems: Ga liquid droplets are known to self-catalyze
GaN nanowire growth,*”. 4 whereas the reported growth
mechanism for AIN based nanowires varies widely.
Observations during sputter deposition of AIN-based nanowires
have shown an absence of liquid species.*?
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Figure 1. (a) Plan-view and (b) tilted-view SEM images of low Sc concentration AIScN nanowires after a 45 min

growth; (c) plan-view and (d) tilted-view SEM images of high Sc concentration AIScN nanowires after a 90 min

growth.

Due to the prevalence of sputter-deposited material in most
reports of ferroelectric AIScN,-3.50-52 the present work focuses
on growing AIScN nanowires using ultra-high vacuum (UHV)
reactive sputtering. To achieve this, we employed a
combination of substrate bias and gun current to vary ion
bombardment and deposition flux, respectively. Such variations
led to a growth regime where nanowires, instead of continuous
films, are formed through simultaneous growth and etch
processes. To confirm the structure of the nanowires, X-ray
diffraction (XRD) and Scanning/Transmission Electron
Microscopy (S/TEM) were utilized. To further characterize the
ferroelectric properties of the AIScN nanowires, differential
phase contrast (DPC) STEM imaging and Piezoresponse Force
Microscopy (PFM) were employed. These results confirm the
ferroelectric nature of the AIScN nanowires.

Results and Discussion

Growth Process

Epitaxial AIScN thin films, when reactively sputtered directly on
Si(111), possess significant mosaic spread and structural disorder.”
Recently, remanent polarization in ferroelectric AIScN has been
observed to be inversely correlated with rocking curve full-width at
half maximum (FWHM).53 To mitigate mosaicity in AIScN, we adopted
a nanowire growth approach towards achieving a high-quality single
crystal ferroelectric material. Substrate bias voltages and gun
currents were adjusted to grow AIScN nanowires. In addition, an
epitaxial TiN(111) buffer layer>* on Si(111) was employed, known to

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

promote AIN nanowire growth.*? 55 Figure 1 shows scanning electron
microscopy (SEM) images of AIScN deposited onto the TiN buffer
layer under different growth conditions. The plan- and tilted- view
SEM images exhibited in Fig. 1 show clearly that the deposited AIScN
formed discontinuous nanowires instead of continuous films.
Increasing the Sc gun current from 0.05A to 0.1A and extending the
growth duration from 45 to 90 minutes, elevating the atomic flux
relative to ion bombardment, led to an increase in nanowire
diameter (from 33 £ 8 nm to 70 + 20 nm) and length (from 173 + 7
nm to 358 + 44 nm) (Fig. 1 a-d, vide infra Fig. 3a, Fig. 4a). Comparing
Figs. 1a and 1c shows that, concurrent with the increase in nanowire
diameter, more wires are merged. The increase in nanowire length
with growth duration indicates that the nanowires are indeed grown
and not solely a result of an ion etching processes. Previous reports
of sputter-deposited, In-alloyed AIN nanowires proposed that the
growth mechanism does not involve a liquid catalyst and that
differences in surface mobility of the alloying component play an
important role.*®

Figure 2 shows results of structural characterization of AIScN
nanowires using XRD. Symmetric 6/26 scans (Figs. 2a, 2d) show that,
besides the (111) family of peaks for the TiN buffer layer and the Si
substrate, the only additional reflections can be indexed to the
(0001) basal plane family of reflections for wurtzite AIScN.
Asymmetric ¢ scans (Figs. 2b, 2e) show that the 6 TiN (042)
reflections are coincident with the 6 Si (513) reflections, and that the
6 AIScN (1013) reflections are offset by 30° from the TiN and Si
reflections. The combined information from the 6/26 scans and

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. XRD data of AIScN nanowires: (a) /26, (b) asymmetric ¢, (c) w rocking curve scans of the low Sc
concentration AIScN nanowires grown for 45 min; (d) 6/26, (e) asymmetric ¢, (f) w rocking curve scans of the
high Sc concentration AIScN nanowires grown for 90 min.
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Figure 3. STEM characterization of the low Sc concentration AIScN nanowires after 45 min growth: (a) HAADF-
STEM image; STEM-EDS signals of (b) Al, (c) Si, (d) N, (e) Ti, and (f) Sc; (g) STEM-EDS line scan of the dark blue
region in (a); (h) EDS spectrum from the dark blue region in (a).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Figure 4. STEM characterization of the high Sc concentration AIScN nanowires after 90 min growth: (a) HAADF-
STEM image; STEM-EDS signals of (b) Al, (c) Si, (d) N, (e) Ti, and (f) Sc; (g) STEM-EDS line scan of dark blue region

in (a); (h) EDS spectrum from the dark blue region in (a).

asymmetric ¢ scans shows that the AIScN is deposited into the
wurtzite structure, and that both the TiN buffer layer and the AIScN
wurtzitic nanowires are epitaxial such that
AIScN(0001)|ITiN(111)[1Si(111) and AISCN(1120)[ITiN(110)ISi(110).
Rocking curves (Figs. 2c, 2f) show that the full-width-at-half-
maximum (FWHM) of the AIScN (0002) reflection is only slightly
greater (~ 1.68°, 1.14°, respectively) than that of the epitaxial TiN
buffer layer (~ 1.06°, 0.90°, respectively). The AIScN rocking curve
width is even less than what was reported for epitaxial AIN thin films
with no Sc incorporation (1.8°).7 While the mosaic spread of the TiN
buffer layer results from the substantial lattice mismatch between
TiN and Si, the present observations suggest that the mosaic spread
of the AIScN nanowires results largely from that of the TiN buffer
layer, without significant additional contribution from wire growth
itself.

The spatial distribution of composition in the AIScCN nanowires is
characterized using X-Ray Energy Dispersive Spectroscopy (EDS) in
STEM. Figures 3b-f show STEM EDS maps of nanowires grown with a
lower Sc gun current (0.05A) for 45 min. The Si(111) substrate and
epitaxial TiN(111) buffer layer are apparent (Figs. 3 c-e). Notably, the
nanowires exhibit a reduced Sc composition compared to their
bases, where an AIScN film layer is present (Figs. 3a, f). An EDS
linescan shows that the Sc composition near the base is
approximately 5 at%, while the Sc composition in the nanowires is at
trace level (Fig. 3g). The data is consistent with preferential etching
of Sc from AIScN during growth. Figures 4b-f show STEM EDS maps
of nanowires grown with a higher Sc gun current (0.1A) for 90 min.
While the TiN buffer layer remains consistent, an increase in Sc gun
current leads to a significant increase in the Sc composition both at
the base of (Al:Sc ~ 5:1) and within the nanowires (Al:Sc ~ 12:1) (Fig.
4g). The nanowire length is also extended due to the longer growth
duration. A noteworthy observation is that the Sc composition in the
AIScN nanowires is not very uniform, and the Sc composition within

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

the nanowires is significantly lower than in the base. X-ray
photoelectron spectroscopy (XPS) data from AIScN nanowires are
shown in Supporting Information (Fig. S1). The N 1s (~398 eV) binding
energy is consistent with a metal nitride, and the Sc 2ps/, (~400eV),
and Al 2p (~75 eV) binding energies are higher than than those of the
corresponding pure metals and consistent with binding in ScN and
AIN, respectively.>® Electron Energy Loss Spectra (EELS) were also
collected on AIScN nanowires: the Al-K absorption edge at ~ 1560eV
and the N-K and Sc-L absorption edges at ~400eV were observed
(Figs. S2, S3). The combined XPS and EELS data are consistent with
nitride formation.>”

The observed preferential Sc etching is unexpected because the
sputter yield of Sc is lower than that of Al.58 To rationalize the
observation of preferential Sc etching, one may look at the enthalpy
of formation of AIScN, which can serve as a measure of the cohesive
energy that needs to be overcome before sputtering occurs. The
positive enthalpy of mixing between wurtzite AIN and rocksalt ScN
results in a decrease in magnitude of the enthalpy of formation for
wurtzite AIScN, which is negative, as Sc composition increases from
0 at% to a maximum at approximately 25 at% before increasing in
magnitude again.5?-62 This indicates that the forces holding atoms of
AIScN together decreases as Sc composition increases from 0 at% to
~25 at%, consistent with the observation of preferential etching of
higher Sc concentration AIScN compared to lower Sc concentrations.
Additionally, it is worth noting that epitaxial thin films with around
20 at% Sc composition have been reported to undergo spinodal
decomposition. In AIScN sputter deposited at high temperature, the
coupling of this kinetically controlled compositional segregation
process with simultaneous growth and etching may lead to spatially
non-uniform Sc composition distributions. These factors may be
responsible for the unexpected preferential Sc etching behavior
observed in the AIScN nanowires.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) HRTEM of a region containing one low Sc concentration AIScN nanowire and (b) the associated FFT;
(c) HRTEM and the corresponding FFTs from (d) region 1 and (e) region 2 of two merged high Sc concentration
AIScN nanowires. The red circles in (d) and (e) show the (0001) and (1100) reflections; the blue circles in (e)

show satellite reflections from Moiré fringes.

High resolution Transmission Electron Microscope (HRTEM) images
of the AIScN nanowires and the associated Fast Fourier Transforms
(FFTs) are shown in Figure 5. The HRTEM image and the associated
FFT of the shorter nanowires with lower Sc composition (Fig. 5a, b)
indicate high-quality single crystals exhibiting minimal mosaic spread
with the entire nanowire consisting of one single domain. The faint
rings in Figure 5b arise from polycrystal the Pt protection layer
deposited during the TEM lift-out process. Figure 5c shows an
HRTEM image of a region in the longer, higher Sc composition
nanowire specimen where two misoriented nanowires merge. Figure
5d shows the FFT of region 1 in Fig. 5c, which is characteristic of one
single domain. Figure 5e shows the FFT of region 2 in Fig. 5c, the wire
overlap region, which displays satellite reflections typical of Moiré
contrast due to two overlapping domains. The region where two
wires overlap constitutes a bicrystal boundary between the two
wires having the same epitaxial relationship with the substrate but
slightly misoriented with respect to one another. Selected Area
Electron Diffraction (SAED) from nanowires consistent with the FFT
data is shown in the Supporting Information (Fig. S4). Compared to
thin films grown using the same technique, the reactively sputtered
AIScN nanowires exhibit significantly decreased mosaic spread.
Because nanowires largely consist of single domains prior to lateral
merging, crystallographic disorder induced by misorientation at
mosaic domain boundaries®? can be dramatically reduced. However,
it is currently uncertain what impact lateral overgrowth and
nanowire merging induced defects, such as mosaic domain or low
angle tilt boundaries, might have on the functional properties of the
nanowires.

Figure 6 shows HRTEM images and corresponding FFTs of the AIScN
at the base of the nanowires. The AIScN base on top of the TiN buffer
exhibits a high level of defects, despite having a reduced lattice
mismatch with TiN (approximately +8%) as compared to that with Si
(approximately —16%).1% 54 The FFT from the vicinity of the AIScN/TiN

This journal is © The Royal Society of Chemistry 20xx

interface (Region 2) in Figure 6a indicates a significant spread in the
real-space orientation of the AIScN crystal in this region. A Burger's
circuit shown in Figure 6b shows the presence of a dislocation in the
AIScN. Similar observations show that the AIScN base region next to
the TiN buffer layer is heavily dislocated. In contrast, the AIScN
further away from the TiN buffer (Region 3) exhibits fewer
crystallographic defects (Fig. 6a, e). Interestingly, the AIScN in the
nanowire region (Fig. 5) displays even fewer crystallographic defects.
We propose two separate explanations that could account for this
observation. One possibility is that, with simultaneous growth and
etching, ion bombardment enhances mobility of surface species,
especially at the nanowire tips. This would promote reorientation
and result in a decreased mosaic spread within a single nanowire. In
addition, as ion etching proceeds, the spatial extent of each
nanowire becomes smaller than the typical mosaic domain size in a
thin film. Another possibility is that the nucleation of misoriented
domains can be minimized due to the simultaneous growth and
etching process. Over time, a smaller fraction of formed nuclei grows
into nanowires, with gaps between them. This could contribute to
the observed reduction in crystallographic defects within the
nanowires.

Ferroelectric Properties

Recently, differential phase contrast (DPC) in STEM images have
been used to map domains in ferroelectric materials.”. 6467 By
detecting nanoscale spatial variations in the electron beam
deflection using a segmented STEM detector, valuable information
on the spatial distribution of electric polarization can be obtained. In
the case of AIScN nanowires, STEM DPC images show ferroelectric
domains for both lower Sc (Figs. 7a-c) and higher Sc (Figs. 7d-f)
compositions. In the STEM DPC images, the beam displacement
vector direction is indicated by the color, and the magnitude is
indicated by the intensity. The presence of contrast in the TiN buffer

J. Name., 2013, 00, 1-3 | 5
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AIScN film

g

Figure 6. (a) HRTEM of the defective AlScN film region at the base of nanowires, (b) 10x inset of the red region
in (a); FFTs from (c) region 1, (d) region 2, and (e) region 3 in (a).

500 nm

Figure 7. DPC STEM images at different magnifications of the low Sc concentration AlIScN nanowires grown for
45 min (a-c) and the higher Sc concentration AlIScN nanowires grown for 90 min (d-f).

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 8. (a-b) AFM topography of the higher Sc concentration AIScN nanowires grown for 90 min; PFM (c)
amplitude (mV) and (d) phase (deg) maps of the region in (a-b); ramping measurement of dss in (e) region 1, (f)

region 2, and (g) region 3 shown in (a).

layer arises because the TiN(111) surface can be either Ti- or N- polar.
For the lower Sc composition nanowires grown for a shorter
duration, their DPC images display a uniform single color, indicative
of single ferroelectric domains (Figs. 7a-c). However, in the case of
the higher Sc composition nanowires, which have undergone longer
growth and lateral merging, the DPC images show several nanowires
with multiple ferroelectric domains. These domains are observed as
multi-colored wire regions in the DPC images (Figs. 7d-f).

To confirm ferroelectricity in the AISCN nanowires, Piezoresponse
Force Microscopy (PFM) in conjunction with dc bias poling
experiments were performed. Figure 8 displays the piezoelectric
response of AIScN nanowires (Sc gun current 0.1A, 90 min growth).
The topographical maps (Figs. 8a-b) are consistent with the SEM and
STEM images (Figs. 1, 3, and 4). The piezoresponse amplitude and
phase are shown in Figs. 8c-d. The contrast aligns well with the
topographical image, confirming the piezoelectric response of the
nanowires.

Furthermore, the out-of-plane piezoelectric coefficient, di3, was
measured on the nanowire samples to vary from 51.9 pm/V on the

This journal is © The Royal Society of Chemistry 20xx

nanowire (region 1, Fig. 8) to 4.95 pm/V on the AlScN film at the base
of the nanowire (region 3, Fig. 8). The ds; value was measured to be
24.7 pm/V near the base of a nanowire (region 2, Fig. 8). The lower
piezoresponse coefficient of 4.95 pm/V observed on the base AlIScN
film may be attributable to the presence of a high concentration of
crystallographic defects, such as dislocations (Fig. 6). On the other
hand, the significantly higher piezoresponse measured at the tip of
the nanowire may arise from the dc biased AFM tip inducing
mechanical instability, causing the nanowire to bend. This instability
could lead to a decrease in the nanowire's height, potentially
resulting in an overestimation of ds3. The measured value of 24.7
pm/V near the base of the nanowire is closer to what is expected
based on the Sc composition.870 This value is also more reasonable,
considering the greater mechanical stability of the nanowire base
due to its cone shape.

Subsequently, the PFM was employed to apply positive and negative
bias to electrically pole regions of the nanowire samples. The
resulting contrast, arising from poling, is consistent with ferroelectric
behavior. It should be noted here that ionic conductivity can also give
rise to similar behavior.” Figures 9a and 9b show PFM before and

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




22 ArystEngCommi = 2l

ARTICLE

196 nm
150

100

150 nm

100

50

218 nm

150
100

140 nm

100

e 0

Figure 9. AFM topography, PFM amplitude (mV) and phase (deg) of the same region (a) before and (b) after
+12V poling in the area marked by the red rectangle; AFM topography, PFM amplitude and phase of the same

Journal Name

20.0
15.0
10.0

5.0
0.0

20.0
18.0
16.0
14.0
12.0
10.0

20.0

5.0
0.0
150

120
100

region (c) before and (d) after —12V poling in the area marked by the red rectangle.

after poling the sample using +12V. A noticeable contrast change in
both amplitude and phase is observed in the poled region (Fig. 9b).
Figure 9c and d show PFM before and after poling the sample using
—12V. Similarly, a contrast change in both amplitude and phase is
observed in the poled region (Fig. 9d), with the phase contrast
change being opposite in sign to that when applying a +12V bias (Fig.
9b). The observed contrast changes in amplitude and phase within
the poled region are in accordance with ferroelectric behavior of the
AIScN nanowires. PFM hysteresis measurements’> 72 were also
performed on AIScN nanowires of both Sc concentrations and a non-
ferroelectric control sample. Shown in Supporting Information, these
results are also consistent with ferroelectric behavior in the
nanowires (Figs. S5, S6, S7).

Nanowire Advantages and Challenges

AIScN ferroelectric materials face significant challenges, in particular
regarding electrical leakage and device scaling, which are important
concerns for applications.”® Various engineering-based approaches
have been reported to address electrical leakage in sputtered AIScN,
such as: using multilayer structures,’ adjusting the ratio of rf and dc
sputtering,’”> and exploring alternative alloying components to

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

replace Sc.% 76 77 |deally, gaining a fundamental understanding of
the structural origins of electrical leakage in AIScN would pave the
way for improved functional properties based on the structure-
property relationship. However, the presence of mosaic spread-
induced crystallographic disorder complicates matters, as rocking
curve FWHM has been observed to inversely correlate with
remanent polarization in AIScN.33 This connection between mosaic
spread and electrical properties of the material poses a challenge for
epitaxial AIScN thin films as well. To address these complexities, the
use of single-domain, single-crystal nanowires with minimal mosaic
spread offers a promising path for systematically investigating the
structure-property relationship in AIScN ferroelectrics. Nanowires
bring practical advantages as well. They can serve as seeds for
epitaxial lateral overgrowth?3 26 78 or enable core-shell
heterostructure growth.38 32 Additionally, nanowires provide an
alternative approach to scaling, potentially offering benefits in
reducing electrical leakage due to their reduced mosaic spread and
fewer domain boundaries (or grain boundaries). Furthermore, the
nanowire's pillar-like shape allows for the utilization of various
mechanical testing protocols developed for electromechanical
testing in sensors and actuators.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

We have demonstrated growth of single crystal epitaxial AIScN
nanowires on epitaxial TiN(111) buffered Si(111) using UHV
reactive sputtering. The key to this process lies in carefully
balancing ion bombardment and atomic flux, which enables
simultaneous growth and etching. We show that the small size
of the nanowires effectively limits mosaic spread, leading to the
formation of predominantly single crystallographic and single
ferroelectric domain nanowires. The Sc composition within the
nanowires is lower, and we attribute this observation to the
decreasing magnitude of the enthalpy of formation of AIScN (a
negative quantity) with higher Sc concentrations. The
nanowires are ferroelectric, as supported by DPC imaging in the
STEM, PFM dc bias poling, and PFM hysteresis experiments. The
synthesis of single crystal epitaxial nanowires holds promise for
systematically investigating the structure-property relationship
in AIScN. Moreover, these nanowires are potentially
advantageous for device applications, due to their higher crystal
quality and high-aspect-ratio geometry.

Methods

Si(111) wafers were chemically etched in sequential 15.7 M HNO3
(aq), de-ionized H,0, 18.4 M HF (aq) solutions with the last step being
HF (aq). Wafers were subsequently transferred into an UHV growth
chamber with a base pressure of < 5x1019 Torr through a high-
vacuum load lock (< 1x10® Torr) and heated in the growth chamber
to ~800 °C for ~30 min prior to film deposition. Without changing the
substrate temperature, a ~200-nm-thick TiN buffer layer was
deposited by sputtering an elemental Ti target (99.995%, Kurt Lesker)
in the dc mode at a gun current of 1.3A, in pure N3 (99.999+%, Airgas)
with an input flow rate of 4.5 sccm at a total pressure of ~9.5 mTorr.
Immediately following the deposition of the TiN buffer layer, growth
of AIScN occurred with an elemental Al target (99.9995%, Kurt
Lesker) sputtered in the dc mode at 0.5 A and an elemental Sc target
(99.99%, Matsurf Technologies) sputtered in the dc mode at either
0.05 A or 0.1 A. All AIScN growths were also carried out in pure N,
with an input flow rate of 4.5 sccm at a total pressure of ~9.5 mTorr.
A —100 V substrate bias was applied during both TiN and AIScN
growth. After growth, the specimens were allowed to cool to room
temperature before being transferred out of the growth chamber.

Structural characterization using XRD was performed using a
Panalytical Empyrean diffractometer with a x-¢-x-y-z stage using Cu
Kol radiation (A = 1.540598 A) selected through a 4-bounce Ge(220)
monochromator. Symmetric 6/26, asymmetric ¢, and w rocking
curve scans were collected using a PlIXcel-3D detector. SEM
characterization was performed using a ThermoFisher Helios G4 dual
beam Xe plasma focused ion beam/scanning electron microscope
(PFIB/SEM). TEM sample preparation was performed using a
ThermoFisher Scios FIB/SEM. The sample was protected from the ion
beam during the thinning process through electron beam induced
deposition of Pt, followed by ion beam induced deposition of Pt. The
sample was thinned at successively lower accelerating voltages, with
final thinning performed at 5 kV. TEM experiments were performed
on a ThermoFisher Spectra 300 probe aberration corrected S/TEM
instrument equipped with a Super-X energy dispersive spectroscopy
(EDS) silicon drift detector system with a 0.7 sr solid angle.

STEM DPC imaging was performed using a segmented STEM
detector. In this imaging mode, electromagnetic fields and local

This journal is © The Royal Society of Chemistry 20xx
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variation of crystallographic orientation in the sample generate
contrast due to spatial differences in beam deflection.64 66, 67,79
The color wheel gives the vector orientation of the beam
deflection, and the intensity of the color gives the magnitude.
STEM DPC imaging has been used to image ferroelectric
domains in AIScN,” and can provide information at the atomic
scale.* PFM measurements were performed using a Bruker
Dimension Icon atomic force microscope (AFM) using the PFM
module. A lock-in frequency of 60 kHz and a drive amplitude ac
bias of 10V was used for the PFM measurements. Height
changes as a function of the AFM tip bias in pristine nanowires
were used to measure the out-of-plane piezoresponse
coefficient (dss); dc bias poling was performed in the PFM mode
by setting the ac bias to 100mV while applying a dc bias of +12V
and — 12V separately in different regions to the AFM tip with
respect to the grounded sample chuck. PFM measurements of
the poled regions after applying the dc bias were performed to
show residual changes to the piezoresponse due to
ferroelectricity. Piezoresponse amplitude and phase hysteresis
measurements were performed using a Bruker Signal Access
Module (SAM) V and a lock-in amplifier (SRS 530). A 7 kHz
frequency, 10V amplitude drive was applied as the tip bias and
set as the lock-in reference signal, while the sample bias was
swept using a 10V amplitude 1Hz triangle wave from a signal
generator. The vertical signal output from the SAM was selected
as input to the lock-in amplifier, which yielded amplitude and
phase signals at the 7 kHz lock-in frequency.
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