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Al,,Sc N-Based Ferroelectric Domain-Wall Memristors

Haidong Lu, Georg Schonweger, Niklas Wolff, Ziming Ding, Adrian Petraru,
Isabel Streicher, Hermann Kohlstedt, Christian Kiibel, Stefano Leone, Lorenz Kienle,

Simon Fichtner, and Alexei Gruverman®

Emerging wurzite-structured ferroelectrics can help satisfy the demand for
high-performance ferroelectrics compatible with Ill-nitride and Si technology.
One of their particularly appealing properties is related to the presence

of conducting domain walls, which can be used as functional elements in the
devices with electrically tunable resistance-memristors. Using a combination
of piezoresponse force microscopy (PFM) and conductive atomic force
microscopy (CAFM) techniques, the electrical conductivity of the head-to-head
(H-H) domain walls in the Al; g;Sc; 15N thin films on the n-GaN substrate

is directly demonstrated. Transmission electron microscopy (TEM) studies of
the Al ¢sSc, 15N films reveal that the conducting nature of these domain walls
is likely related to their inclination with respect to the polar axis, resulting

in polarization discontinuity at the domain junctions. On the other hand, no
increased conductivity has been detected for the tail-to-tail (T-T) domain walls

1. Introduction

Demonstration of ferroelectricity in
the wurtzite-structured AIN-ScN  solid
solutions!'! enables integration of the
ferroelectric materials into the III-nitride
semiconductor and Si technology for future
electronic device applications.[?! An espe-
cially intriguing phenomenon that has been
reported in a number of ferroelectrics®! but
only recently observed in Al,  Sc N films[*°!
is the electrical conductivity of the domain
walls. Effective control of the domain wall
density and modulation of their transport
behavior by electrical means makes them
attractive for use as functional elements in

reflecting a semiconducting nature of Al 4:Sc, 15N thin films. Modulation of
the domain wall density by voltage pulses with varying amplitude or duration
allows realization of multiple stable resistance states with the maximum
ON/OFF ratio of over 1500. These findings pave the way for the next-generation
of ferroelectric electronic devices compatible with IlI-nitride technology.

electrically tunable devices.!®] Recent trans-
mission electron microscopy studies reveal
stable inclined domain walls of the head-
to-head (H-H) and tail-to-tail (T-T) type
in the ultrathin Al Sc N films.’] Other
studies have attributed the tunable resis-
tance observed in the Al _Sc N capacitors
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to the conducting behavior of such domain walls.[**] However, no
direct observation of the domain wall conductivity in Al; ,Sc,N
has been reported so far. Addressing this issue is critical for un-
derstanding the mechanism of the domain wall transport prop-
erties and their device application.

Recent structural studies reveal that single-crystalline
Al Sc, N thin films grown by metal organic chemical vapor
deposition (MOCVD) show significantly higher structural qual-
ity than the sputter-deposited films could demonstrate so far.[”!
This makes the MOCVD grown Al Sc,N films an ideal host for
studying the tunable resistive behavior associated with varying
domain structures. In this work, measurements have been
carried out using 230-nm-thick single-crystalline Al,gSc, 5N
films grown by MOCVD. It has been found that multiple re-
sistance states can be achieved in the Alj4;Sc,sN capacitors
by inducing step-by-step polarization switching via successive
application of voltage pulses. Each individual resistance state
can be programmed by varying the pulse amplitude or duration,
resulting in a pre-history dependent memristive behavior with
a maximum ON/OFF ratio of over 1500. Piezoresponse force
microscopy (PFM) imaging, scanning transmission electron
microscopy (STEM) investigation, and electrical characterization
of the generated domain structures reveal the direct correlation
between the density of the domain walls and device resis-
tance. Characterization by conductive atomic force microscopy
(CAFM) provides direct evidence for the high conductivity of
these domain walls, demonstrating their main role as the func-
tional elements in the memristive device’s functionality. STEM
imaging of the partially switched cross-cut capacitors reveals a
number of slanted domain walls separating the head-to-head
(H-H) domain junctions, i.e., interfaces between two neigh-
boring regions where the polarization vectors face toward each
other. This implies that the polarization discontinuity and the
associated charge accumulation at the H-H domain walls are the
physical mechanism behind their conductance. These findings
provide a tangible reason for comprehensive fundamental and
applied studies of the domain walls in the Al, , Sc,N structures to
further extend the prospects of using the wurtzite ferroelectrics
in IlI-nitride and Si technology.

2. Results and Discussion

2.1. Sample Preparation and Characterization

Details of the 230-nm-thick AlygScy,;sN films growth by
MOCVD on Si-doped GaN-on-sapphire templates are given in
Materials and Methods. A specific Sc concentration of 15% has
been chosen to alleviate the interfacial strain due to the lattice
mismatch between the Al Sc, N and GaN layers.!° To avoid post-
growth oxidation, the Al 4;Sc, 5N layer was capped in situ with
a 10-nm-thick SiN layer followed by sputter-deposition of the 30-
nm-thick Pt layer. Ion beam etching (IBE) has been used to pat-
tern the top Pt electrodes, creating the Pt/SiN/Alj 4. Sc,sN/n-
GaN capacitors of 10-30 um in diameter. Capacitors investigated
by STEM and CAFM have been switched 400 times, which was
followed by application of a unipolar triangular voltage pulse
of 133 V in amplitude to induce N-polarity (downward polar-
ization). Further details about the polling process can be found
elsewhere.l”] For the CAFM measurements, after pre-poling, the
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Al ¢sSc, 15N layer was exposed by dry-etching the Pt and SiN
layer.

2.2. Resistive Switching in the Al 4;Sc, ;5N Capacitors

Figure la—c displays the PFM images of the Alj4Sc, 5N ca-
pacitors corresponding to three different polarization states:
a single-domain pristine M-polar state (upward polarization)
(Figure 1a), a polydomain state resulting from application of
a 110 V, 0.1 s pulse (Figure 1b), and a single-domain N-
polar state (downward polarization) arising after application of
a 125 V, 0.1 s pulse (Figure 1c). The corresponding steady-
state [-V curves in Figure 1d show that the polydomain state
exhibits the highest conductivity in agreement with the pre-
vious studies of the resistive switching behavior in the sput-
tered Al Sc,N films.[*l This behavior, along with the imbal-
ance between the resistances of the capacitor in the upward and
downward polarization states, is a clear indication that the pres-
ence or absence of the domain walls, which must be conduc-
tive, is a major factor in the resistive switching behavior of the
Al g5Scy 15N capacitors. It should be noted that the polarization-
coupled change in the interface Schottky barrier height!’! could
also contribute to the resistive switching effect. However, it
cannot cause the non-monotonic resistance change shown in
Figure 1a—d. On top of this, the I-V curves are far more symmet-
ric than could be expected from the barrier-originating resistive
switching.

A more detailed look into the resistive switching reveals a
possibility of fine tuning of device resistance by modulating the
write pulse amplitude or the number of write pulses. Figure le,f
show the steady-state I-V curves and the device current density
as a function of the write pulse amplitude that switches the po-
larization from the full M- to the (partial) N-polar state (prior to
the application of each write pulse, the capacitor was reset into
the full M-polar state). The device conductivity starts to increase
at 86 V, which corresponds to the onset of polarization reversal,
and reaches its maximum level in the middle of the switching
process at 92 V with the capacitor set into a polydomain state.
Further increase in the write pulse amplitude results in a grad-
ual decrease of the current density, reaching a constant value
when polarization switching is complete, and the sample returns
to a monodomain state. The maximum ON/OFF resistance ratio
achieved in this process exceeds 1500, which is more than suf-
ficient for potential device applications. A similar conductance
tunability can be realized by performing cumulative switching,
i.e., by consecutive application of a number of write pulses with
the same amplitude (Figure 1g). The obtained resistive switching
behavior provides a basis for employing the Al, , Sc,N memristors
in neuromorphic circuits.!'!]

2.3. STEM Imaging of the Al 4 Sc, ,sN Capacitors

The structural quality of the MOCVD grown Al, ,Sc,N films al-
lows for in-depth studies of the field-induced domain structures
by STEM.['2] Figure 2a,b presents a large field-of-view ABF-STEM
image showing a zig-zag H-H boundary separating the switched
N-polar and pristine M-polar regions at the capacitor edge. In-
vestigation by atomic resolution iDPC-STEM is used to identify
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Figure 1. Resistive switching in the Al g5Scq 15N capacitors. a—c) PFM phase images of the (a) pristine M-polar (upward polarization) state, (b) after
application of the 110V, 0.1s pulse, showing a polydomain state, and (c) after application of 125V, 0.1 s pulse, showing a N-polar (downward polarization)
state. d) /-V curves of the pristine M-polar, polydomain, and N-polar states corresponding to the states in (a—c). e,f) Steady-state I-V curves (e) and
steady-state current density extracted at —40 V (f) in the Alyg5Sc 15N capacitor as a function of the write pulse amplitude. The pulse width was 0.1 s.
After application of each write pulse the device was reset into the full M-polar state by application of =110V bias for 0.5 s. g) Steady-state current density
at —40 V measured in the Algg5Scy 15N capacitor as a function of the number of 110 V, 1 ms write pulses (cumulative switching). The measurements
were performed on a pristine ((a—d) and (g)) as well as on a pre-cycled capacitors ((e-f) — see sample preparation). This results in a slight variation of
the write voltage required for tuning the conductivity due to the imprint variations upon cycling."

the local polarity on the unit cell level as well as the domain
wall position and its inclination angle. These studies confirm
the M-polarity of the pristine AljgsScy 5N film next to the ca-
pacitor edge (Figure 2b) and a pinned layer close to the bottom
interface in the switched region. Figure 2c shows a magnified
view of a ~1 nm wide H-H domain wall between the M-polar
domain (left side) and the N-polar domain (right side) with an
inclination angle of ~15°. Moreover, residual nanosized areas
with M-polarity (Figure 2d) are revealed within the switched N-
polar region (Figure 2e) where the film surface is covered by Pt
residues from the electrode patterning. This observation suggests
incomplete and inhomogeneous switching at the capacitor edges,
resulting in a locally increased density of surface-near domain
walls.

Stability of the H-H domain walls is determined by proper
screening of polarization via charge accumulation, which implies
that the Al 45 Sc, ;5N films used in this study are slightly n-doped
and negative charges are the majority carriers. Note that there is
no need for the domain walls to extend from the top to the bottom
interfaces to exhibit a high conductivity, as the carriers driven by
the applied bias will diffuse out of the domain wall, reaching the
bottom electrode. Given a high electron mobility in AlScN of the
order of 102 cm? (V s)71, a diffusion coefficient of 0.01 cm? 57!
can be estimated from the Einstein relation that would yield a dif-
fusion length of the order of 10 pm within 1 ps. Therefore, it is
reasonable to assume that a current signal could be detected from
the charged domain wall even if it does not extend across the en-
tire film thickness. A similar conducting behavior was observed
in the 500-nm-thick LiNbO, crystals, where the inclined charged
domain walls induced at the top surface did not reach the bottom
electrode.[**]

Adv. Funct. Mater. 2025, 2503143 2503143 (3 OfG)

2.4. CAFM Imaging of the Free Surface of Al 35Sc, 5N

Direct studies of the local domain wall conductivity have been
carried out by CAFM imaging of the exposed surface of the
Al ¢5Sc, 15N film. To prepare for these measurements, the capac-
itors have been pre-poled into the N-polar state (downward po-
larization) with subsequent removal of the top electrode by IBE
(see Materials and Methods), as shown in the schematic draw-
ing in Figure 3e. The topographic image in Figure 3a shows a
capacitor edge after etching, where the area outside of the etched
electrode is also slightly etched, creating a height difference of
~25 nm. PFM imaging of the same region (Figure 3b) shows
the N-polar state in the capacitor area and the M-polar pristine
state outside it, which, according to the STEM data in Figure 2,
are separated by the H-H domain boundary. CAFM imaging of
the same region (Figure 3c,d) reveals a significantly higher cur-
rent signal along the H-H domain wall compared to the regions
of uniform domains, confirming their dominant contribution as
the conducting elements to the resistive switching behavior of
the Al 45Sc, 5N capacitor in Figure 1. The insets in Figure 3c,d
display the cross-sectional profiles along the dashed lines, show-
ing that the N-polar domain shows a current roughly twice as
small as on the H-H domain wall, while no detectable current is
recorded from the M-polar domain. Note that the CAFM imag-
ing does not affect the domain structure, suggesting that no
polarization switching is associated with the measured current
signals. Local I-V spectroscopy of the domain wall as well as
of the M- and N-polar domains shown in Figure 3f is consis-
tent with the CAFM imaging results, revealing at the same time
their asymmetric transport behavior. This asymmetry and dif-
ference in conductivity for the M- and N-polar states may be
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Figure2. STEM investigations of polar domain structures at the edge of an
N-poled capacitor showing wedge-shaped downward domains next to the
upward polarized pristine region outside and near the Al g5Scy 15N/GaN
interface. a) ABF-STEM image of the capacitor edge. b,c) iDPC images
display the atomic polarity present (b) outside of the switched region,
(c) at the inclined H-H domain boundary, and (d,e) near the upper in-
terface.

associated with the polarization-dependent Schottky barrier
height at the tip-sample interfacel'% or residual conductive do-
main walls which are pinned at the lower interface of the film.”]
It is worth mentioning that the CAFM data in Figure 3 were ac-
quired several weeks after poling, which indicates remarkable
stability of the charged domain walls and strong retention of the
induced resistive states.

To investigate the difference in the conducting behavior of the
H-H and T-T domain walls, a negative bias was applied to the
N-polar (downward) surface of the Al 4sSc, 5N film through the
PFM tip. This procedure should result in the formation of the
M-polar (upward) domain, presumably bounded by the T-T do-
main wall, since domain nucleation should be induced at the top
interface due to the field distribution originating from the tip (a
schematic drawing of the resulting M-polar domain is shown in).
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Figure 4a—d shows a comparison of PFM and CAFM images be-
fore (Figure 4a,b) and after (Figure 4c,d) application of several
—65V, 1 s pulses to different locations on the film surface. It can
be seen that the high conductive state of the H-H domain wall
is erased locally due to the local polarization reversal by nega-
tive bias application. Similarly, the formation of the M-polar do-
main within the N-polar area is accompanied by a local conduc-
tance decrease. Although it is difficult to deconvolute the effect
of the Schottky barrier change at the interface from the domain
wall conductance effect, it could still be concluded with a high
degree of certainty that the T-T domain walls are much less con-
ductive. A similar difference in the conducting behavior of the
H-H and T-T domain walls reported previously in BaTiO, and
LiNbO; crystals(**! has been attributed to the accumulation of the
free electronic charges or mobile defects at the strongly inclined
H-H boundaries, which carry a positive bound charge resulting
from polarization discontinuity. Assuming n-type conductivity,
the same mechanism for domain wall conductance could be in-
voked in the studied Al 45 Sc, ;5N samples, although a significant
modification of the electronic structure at the domain walls could
also be considered. In addition, different concentrations and
mobilities of negative and positive compensating charges could
also lead to different conductivities of the H-H and T-T domain
walls.

3. Conclusion

The electrical conductivity of the H-H domain walls has been
directly demonstrated by CAFM imaging and local I-V spec-
troscopy measurements. STEM imaging reveals that the H-H ori-
ented domain walls created at the capacitor edge have an inclina-
tion angle of #15°, resulting in polarization divergence at the wall
junctions and their conducting behavior. In contrast, the T-T do-
main walls created by the local pulse application do not show any
significant conductivity. The obtained results could lead to an ex-
pansion of the application range of the Al,  Sc,N-based devices by
employing conductive domain walls as functional elements, al-
lowing programmable control of multilevel resistance states and
enabling memristive functionalities.

4. Experimental Section

Sample Preparation: A MOCVD reactor equipped with a proprietary,
heated gas supply system for low-vapor-pressure Sc precursors was
used for the film growth. The Sc precursor chosen for this work was
(EtCp),Sc(bdma), which can be operated by keeping the source mate-
rial at 100 °C. The AlygsScy 15N layer was capped in situ with a SiN,
layer in order to avoid post-growth oxidation, as described elsewhere.l’”]
The layers were characterized by means of optical microscopy, atomic
force microscopy, high-resolution X-ray diffraction, and secondary ions
mass spectrometry.l’l A 30-nm-thick Pt top layer was deposited by
sputter-deposition using an Oerlikon (now Evatec) MSQ 200 multisource
system.l'®] The top electrodes were structured by ion beam etching (IBE,
Oxford Instruments lonfab 300). Of importance for this study is the fact
that shadowing during IBE leads to a thin Pt residue area of ~#100-200 nm
in width around the capacitor edge (Figure 2a), which resulted in a poly-
domain state at the capacitor edge

TEM Imaging: High-resolution scanning transmission electron mi-
croscopy (HRSTEM) imaging was conducted on the double-corrected
transmission electron microscope (Themis Z, Thermo Fisher) at an
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Figure 3. PFM and CAFM imaging of the free film surface near the pre-poled AlygsScy 15N capacitor edge after etching away the top electrode.
a) Topographic image of the capacitor edge after etching. b) PFM phase image of N-polar (downward polarization) domain in the capacitor area where
the top electrode was present, and the M-polar (upward polarization) domain outside of it. The capacitor was pre-poled with +133 V before etching.
c,d) CAFM images of the same area as in (a) and (b) using a =55 V (c) and +55 V (d) dc bias applied to the bottom electrode. The insets show the
cross-sectional profiles along the dashed lines. e) Schematic drawing of the cross-sectional domain profile after the top electrode was etched. The top
electrode position before etching is marked by a dashed line. f) I-V curves measured on the M- and N-polar domains, and on the H-H domain wall.

acceleration voltage of 300 kV, which enables the resolution of ~75 pm.
The convergence angle of the electron beam was 30 mrad, while the screen
current was ~80-200 pA. Integrated differential phase contrast (iDPC)
HRSTEM images were collected by segmented detectors at the collection
angles between 6 and 23 mrad, enabling to imaging the nitrogen atom
positions. In addition, the annular bright field (ABF) imaging and DPC
mapping for the microscale domain nature were done using the electron
beam with a convergence angle of 10 mrad, and the collection angle range
is 3-17 mrad.

Electrical Characterization: Ferroelectric characterization and poling
were performed using an aixACCT TF Analyzer 2000. Capacitors investi-
gated by CAFM and STEM were switched 400 times by applying a voltage
signal with triangular waveform at a frequency of 1.5 kHz and 143 V am-
plitude with an offset of —10 V. Subsequently, the capacitor was switched
to N-polarity by applying a unipolar triangular pulse of 133 V. Steady-
state current measurements were performed using a Keithley 6487 Pi-

Figure 4. PFM and CAFM imaging of the free film surface near the
pre-poled Alg g5Scq 15N capacitor edge before and after local tip-induced
switching. a-d) PFM (a,c) and CAFM images (b,d) of the initial state (a,b)
and after application of several —65 V, 1 s voltage pulses (c,d). Loca-
tions where the pulses were applied, are shown by the arrows in (c). e)
Schematic illustration of the tip-induced writing of the upward domain
bounded by the T-T walls.

Adv. Funct. Mater. 2025, 2503143 2503143 (5 OfG)

coammeter/Voltage source. Rectangular write and erase pulses were ap-
plied to the capacitors. The readout was performed by sweeping a stair-
case voltage signal with a step size of 1V and a hold time of 0.6 s af-
ter which the steady state current was measured. The voltage signal was
applied to the top electrode. The |-V spectroscopy measurements have
been carried out at 1 Hz with the sweeping bias applied to the bottom
electrode.

PFM and CAFM Imaging: PFM and CAFM measurements were car-
ried out using a commercial AFM system (MFP-3D, Asylum Research, Ox-
ford Instruments) using Pt-coated conductive probes (NSC18/Pt, Mikro-
masch). A dual AC resonance-enhanced mode was employed for the PFM
imaging using an AC modulation voltage with an amplitude of 1V at
390 kHz applied to the tip. The CAFM imaging and -V spectroscopy mea-
surements were performed using the ORCA module with a DC bias applied
to the bottom electrode.
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