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Abstract

Information technology including the recent advance of artificial intelligence (AI) de-
mands a huge amount of electrical power. Next-generation devices based on the fer-
roelectric effect could potentially lower this demand. The field-driven switching of the
polarization by the application of an electric field promises lowest energy consumption
as well as it allows for various device concepts. Such devices are suitable for detach-
ing from the classical Von-Neumann architecture by merging memory and computation
(in-memory) and thus lowering the latency gap between those. Additionally, they allow
for addressing neuromorphic architectures by emulating the functionality of synapses
and neurons found in the human brain on device level. However, after the discovery of
ferroelectricity &~ 100 years ago, ferroelectric random access memory (FeRAM) is up to
now the only commercial available memory product which is based on the ferroelectric
switching. This is mainly due to the poor Complementary Metal Oxide Semiconductor
(CMOS)-compatibility of classical ferroelectric materials such as the perovskites and

the related integration and scalability issues.

This situation changed after the discovery of ferroelectricity in the CMOS-compatible
fluorite-type structures in 2013, which resulted in the demonstration of various types of
highly scaled ferroelectricity-based memory and computation devices which are close
to commercialization. This was followed by the discovery of ferroelectricity in CMOS-
compatible wurtzite-type Al;_(ScN in 2019, on which this doctoral thesis is building
up. The structure and chemistry of the fluorite- and wurtzite-type ferroelectrics and
their respective electrical response differs fundamentally, thus potential advantages
and disadvantages in terms of device applications can be expected. The goal of this
doctoral thesis is to gain a fundamental understanding of the switching phenomena
in Al;_.Sc,N and to identify suitable applications. To achieve this, first the sputter-
deposition of epitaxial ferroelectric Al;_,ScyN onto GaN /sapphire templates was estab-
lished, which addresses the integration of ferroelectricity into III-N technology by using
a structurally fully compatible material (all-wurtzite). On the other hand, this allows
to investigate the impact of the structure (i.e. epitaxial strain, mosaicity, as-deposited
pinned polarity) of the usually fiber-textured grown Al;_,ScyN thin films on the elec-
trical response to gain a better fundamental understanding of the switching event.
At a later stage of my work, ferroelectricity in single-crystal metal organic chemical
vapor (MOCVD) deposited AlygsSco15N was revealed, which is expected to facilitate
the integration of wurtzite-type ferroelectricity into III-N devices, as it is the stan-
dard growth method of such heterostructures. This not only guides towards an active

functional high-quality barrier material feasible for e.g. building up or depleting a two-




dimensional-electron gas (2DEG) in high-electron mobility transistors (HEMTs). The
single-crystal quality also allows for sophisticated atomically resolved scanning trans-
mission microscopy (STEM) investigations of the switching event and the associated
polarization domain evolution. For sputter-deposited films, the introduction of inter-
mediate ultrathin (10 nm) epitaxial Pt electrodes into the Al;_,ScyN/GaN heterostruc-
tures results in a more uniform and less leaky electrical response, as well as it provides
a smooth template for the growth of ultrathin epitaxial Al (Sc,N . Thus, Pt/GaN
templates were used to investigate the thickness scalability of ferroelectric Al Sc,N .
Interestingly, only a minor dependence of the coercive field on the Al;_ Sc,N film thick-
ness was revealed and switching of 10 nm thin films could be demonstrated. This was
compared to a thickness study on Al;_,ScxN films grown non-epitaxially on Pt/SiO,/Si
templates. The growth using silicon substrates resulted in a higher coercive field to
breakdown field ratio, which was related to a more favourable thermal expansions co-
efficient match between Al; Sc,N and the substrate. A minor decrease of the coercive
field with decreasing film thickness below 10 nm was related to depolarization fields
and allowed for ferroelectric switching of ~4 nm (8 to 9 unit cells) thin films at ~1 V.
Thus, the switching voltage is already compatible with the on-chip voltage supply of
integrated circuits (ICs). Furthermore, atomically resolved stable partial switching of
ultralow volumes suggests the feasibility of multi-bit operation also for highly scaled
devices - an issue which is currently faced for the fluorite-type ferroelectrics. Further
STEM investigations of sputtered as well as MOCVD-grown Al Sc,N thin films re-
veal the occurrence of inclined polarization domain boundaries. This together with
electrical investigations suggest the presence of conductive polarization domain walls
in wurtzite-type materials - a phenomena which can be exploited to build memristive

two-terminal devices.
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Zusammenfassung

Die Informationstechnologie einschliefslich der in jiingster Zeit stark voranschreitenden
kiinstliche Intelligenz (KI) verlangt nach einer enormen Menge an elektrischer Energie.
Elektrische Bauteile der ndchsten Generation, welche auf dem ferroelektrischem Effekt
beruhen, konnten diesen Bedarf verringern. Das durch ein elektrisches Feld steuerbare
Schalten der Polarisation verspricht einen geringen Leistungsverbrauch und ermoglicht
diverse Bauteilkonzepte. Solche Konzepte sind geeignet, um sich von der klassis-
chen Von-Neumann-Architektur zu 16sen, indem die Speicher- und Recheneinheit nédher
zusammenriickt (in-memory) und so die Latenz zwischen beiden verringert wird. Auch
konnen neuromorphe Konzepte adressiert werden, z.B. indem auf Bauteilebene die
Funktionalitdt der Basiseinheiten des menschlichen Gehirns - Neuronen und Synapsen
- nachgebildet werden. Trotz dass die Entdeckung des ferroelektrischen Effekts bereits
100 Jahre zuriick liegt, sind ferroelektrische random access memories (FeERAM) die ak-
tuell einzigen kommerziell erhéltlichen Speicherbausteine, welche auf ferroelektrischem
Schalten beruhen. Dies liegt vorallem an der mangelnden komplementéarer Metalloxid-
Halbleiter (CMOS)-Kompatibilitdt von klassischen ferroelektrischen Materialien wie

den Perowskiten und deren Integrations- und Skalierungsschwierigkeiten.

Diese Situation hat sich nach der Entdeckung von Ferroelektrizitdt in den CMOS-
kompatiblen Fluorit-Strukturen (HfO,) in 2013 geéndert und es folgten diverse Demon-
strationen von hoch skalierten Rechen/Speicherbauteilen, welche dicht vor der Kom-
merzialisierung stehen. Die Entdeckung von Ferroelektrizitdt in CMOS-kompatiblen
Wurtzite-Strukturen (Al;ScyN ) folgte in 2019, worauf diese Arbeit aufbaut. Auf-
grund der unterschiedlichen Chemie und Struktur und der daraus resultierenden un-
terschiedlichen elektrische Eigenschaften beider Materialklassen ergeben sich Vor- und
Nachteile in Bezug auf mogliche Anwendungen. Das Ziel dieser Arbeit ist es, ein funda-
mentales Verstandnis fiir das ferroelektrische Schalten in Al;_ScyN zu erarbeiten sowie
geeignete Anwendungen auszumachen. Um dies zu erreichen, wurde zuerst ein Prozess
entwickelt mit welchem per Kathodenzerstdubung ferroelektrisches Al Sc,N epitak-
tisch auf GaN /Saphir abgeschieden werden konnte, was die Integration von Ferroelek-
trizitdt in die III-N Technologie durch Nutzung eines strukturell kompatiblem Fer-
roelektrikum forciert. Zudem ermoglicht dies das Untersuchen des Einflusses der
Struktur (z.B. epitaxiale Dehnung, Mosaizitét, aufgewachsene gepinnte Polaritét) der
normalerweise mit Fasertextur wachsenden Al; . Sc,N Diinnfilme auf die elektrischen
Eigenschaften, um somit des Schaltverhalten besser zu verstehen. Zu einem spéteren
Zeitpunkt dieser Arbeit wurde in mit Metallorganischer Chemischer Gasphasenabschei-

dung (MOCVD) gewachsenen Aljg5Sco 15N Diinnfilmen Ferroelektrizitat nachgewiesen
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und untersucht. Dies vereinfacht die Integration von Wurtzite-Ferroelektrika in ITI-N
Bauteile, fiir welche MOCVD die Standard Wachstumsmethode ist. Aufserdem kénnte
somit ferroelektrisches Al;_Sc,N in z.B. high electron mobility transistors (HEMTs) gle-
ichzeitig als aktives (Aufbau des leitenden Kanals durch Polarisationsdiskontinuitét)
und funktionales (dynamisches und nicht-fliichtiges An & Ausschalten des Kanals)
Barrierematerial fungieren. Rastertransmissionselektronenmikroskopie (STEM) der
einkristallinen Diinnfilme ermdglicht es, die Struktur und Polaritdt mikroskopisch

(atomar) als auch makroskopisch aufzulésen und gibt Auskunft {iber Nukleation und
Wachstum von Polarisations-Doménen hervorgerufen durch ferroelektrischem Schal-
ten. Bei mit Kathodenzerstdubung abgeschiedenen Al Sc,N Diinnfilmen bewirkt die
Einbringung eines epitaxialen ultradiinnen (10 nm) Pt Diinnfilms als Zwischenschicht
in Al;_ScyN/GaN Heterostrukturen ein homogeneres und weniger mit Leckstromen
behaftetes ferroelektrisches Schalten. Deshalb und aufgrund der geringen Oberflachen-
rauheit wurden Pt/GaN /Saphir Substrate genutzt, um die Skalierbarkeit der Schicht-
dicke von ferroelektrischen Al;_,ScN zu untersuchen. Interessanterweise wurde nur
eine schwache Abhéngigkeit des Koerzitivfeldes von der Al Sc,N Filmdicke im Bere-
ich von 100 nm bis 10 nm beobachtet. Die Skalierung wurde mit einer Dickenserie
von Al ScxN | welches nicht-epitaxial auf Pt/SiO5/Si abgeschieden wurde, verglichen
und es stellte sich heraus, dass letztere aufgrund des passenderen thermischen Aus-
dehnungskoeffizienten von Silizium im Vergleich zu Saphir elektrisch stabiler sind.
Eine geringfiigige Abnahme des Koerzitivfeldes bei Filmdicken unterhalb 10 nm wurde
mit dem Aufkommen von Depolarisationsfeldern in Zusammenhang gebracht und er-
moglichte das ferroelektrische Schalten von ~ 4 nm (8 bis 9 Einheitszellen) diinnen
Al Sc.N Filmen bei einer Spannung von ~ 1 V. Somit ist die Schaltspannung bere-
its kompatibel mit der Betriebsspannung von integrierten Schaltkreisen (ICs). Weiters
deutet das per STEM atomar aufgeloste, stabile partielle Schalten von ultrakleinen Vol-
umen darauf hin, dass auch in hoch skalierten Bauteilen mehrere Zwischenwerte in eine
Zelle gespeichert werden konnen (multi-bit operation) - eine Eigenschaft welche hoch
skalierte Ferroelektrika mit Fluorit-Struktur aktuell nur mehr eingeschrénkt aufweisen.
Dariiber hinaus decken STEM Untersuchungen das Aufkommen von stabilen Polarisa-
tions-Doménenwinden mit signifikanter horizontaler Komponente in Al;_Sc,N Diin-
nfilmen auf. Dies in Zusammenhang mit elektrischen Untersuchungen deutet auf
das Vorhandensein von leitfahigen Doméanenwénden in Ferroelektrika mit Wurtzite-
Struktur hin - ein Phdnomen welches memristive Funktionalitdt in Kondensatorstruk-

turen ermoglicht.
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Chapter

Introduction

In recent times information technology involves more and more brain- and bio-inspired
paradigms, both being far off from the very digital character of classical computing de-
vices. This is especially evident considering the growing impact of artificial intelligence
(AI) in almost every area of life. Early disease recognition, human-like chat partners,
artistic image generation and manipulation, speech recognition and voice generators
or self driving cars are just a few examples of nowadays available Al-based systems
implemented mostly by using deep learning (DL) algorithms including artificial neural
networks (ANN).[AZH*21, NW23, LBH15] While this concepts mimic human-brain
functionalities, they are still implemented via classical digital information technol-
ogy which uses Boolean logic and separates memory and computation (von Neumann
model). As a result, the computation power and thus the energy needed for nowadays
AT systems is very high, adversely affecting the environmental footprint.[MK22] This is
in strong contrast to the comparably high energy-efficiency of the human brain, which
co-locates memory and analogue-like data processing.[DMM95| The power consump-
tion of the human brain consisting of ~ 10! neurons and ~ 10'® synapses amounts
to &~ 20 W, while a digital implementation of an ANN with the same number of neu-
rons and synapses would consume =~ 7.9 MW.[MK22| Thus, the potential savings in
terms of energy are enormous and it would be a natural consequence to implement
brain-inspired data processing not on a digital but on a brain-like architecture.

There are various visions on how to realize such architectures, with one of them
trying to mimic the behaviour of synapses and neurons on the hardware level using
new electronic devices (i.e. neuromorphic engineering). For the realization of such
devices, ferroelectric materials are very promising due to their ability of polarization
retention and inversion by the intended application of a sufficiently high electric field.
This allows in principle to integrate (non-volatile) memory functionality into process-
ing devices, e.g. in the form of a ferroelectric field effect transistors (FeFET)[KKD20],
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Chapter 1. Introduction

eventually merging memory and computation. Furthermore, partial and accumula-
tive polarization switching in FeFETs enables mimicking synaptic weights and the
integrate-and-fire functionality of neurons.[MMS20, KCJ21, KI1.23| Similarly, it allows
for an analogue-like conductivity modulation of two-terminal devices such as ferro-
electric tunnel junctions (FTJs), which make them ideal candidates for simulating
synapses and their corresponding weights.[CMM™22|. Such partial switching is not
only useful for neuromorphic applications, but could also enhance non-volatile mem-
ory functionality of FeFETs or of ferroelectric random access memories (FeRAMs).
Similar as for commercial FLASH memories, partial switching allows in principle to
store multiple states into a single cell, eventually increasing the storage density.[PLH21|
However, ferroelectric-based memory (FeRAM, FeFET) outperforms FLASH memory
with respect to read and write times and energies (microsecond and nJ/bit range vs.
nanosecond and f£J/bit range), which would be beneficial for reducing the latency gap

between memory and computation as well as for reducing the power consumption in
general [LLC*23, KKOJ23|

All ferroelectricity-based device concepts have strict requirements on the mate-
rial properties of the ferroelectric. A strong polarization retention and a high cycling
endurance is essential wherever a high reliability and a long life-time is required. Fur-
thermore, in order to achieve a high storage density and a low power consumption, the
film thickness as well as the lateral dimensions should be as small as possible. However,
scaling down the dimensions of classical ferroelectrics such as the perovskites is often
accompanied by a degradation or even total loss of the ferroelectric properties, while the
integration into CMOS-technology remains challenging.[CDLS04, PCK*03, QWC*21]
Since the discovery of ferroelectricity ~ 100 years ago, huge progress with respect to the
ferroelectric, piezoelectric, pyroelectric and dielectric properties of ferroelectric mate-
rials has been made, eventually resulting in many of nowadays improved commercially
available sensors, actuators and capacitors.[SDET06] However, FeRAMs, where each
cell consists of a transistor and an external ferroelectric capacitor (1T-1C), are up to
now still the only commercially available memory devices which rely on the ferroelectric
effect.[Bon90]

At the moment of writing, this situation is believed to change due to the recent
emergence of the fluorite-type ferroelectrics ~ 12 years ago and the wurtzite-type ferro-
electrics & 4 years ago.[BMB*11, FWL*19] Both materials are CMOS compatible and
already well established in industry due to their enhanced pizeoelectric (Al; Sc,N) and
dielectric (HfO,) properties. Furthermore, to switch the polarization of this materials,
comparably high electric fields (E. = 1 — 3 MV /cm for the fluorite- and E, = 2 — 6

MV /em for the wurtzite-type ferroelectrics) are required, which promises long reten-
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tion times and permits in principle to aggressively scale-down the device-dimensions
while still maintaining an adequate memory window.[MSM*21, SPMH22| In fact,
highly-scaled HfO5-based FeFETs were demonstrated recently and the endurance, re-
tention and downscaling issues reported so far for classical ferroelectrics seem to be
solved.[KKOJ23, SRK*21] However, the entrance of HfOy-based FeFETS into the com-
mercial market is still pending. This is mainly due to device-to-device and cycle-to-
cycle variability, which gets more prominent in highly scaled devices where the device
size approaches the typical grain size (some tens of nanometers).[MSM™21, LLC*23]
This can be related to the polymorphism and the typically polycrystalline structure
of the fluorite-type ferroelectrics, potentially resulting in grain-to-grain variations due
to inhomogeneities in structure, size, orientation and/or local doping of the individual
grains.[MOM™17] Additionally, ferroelectricity in HfO,-based materials requires typi-
cally post-annealing and exhibits wake-up behaviour, i.e. the ferroelectricity emerges
only after initial cycling|]SPMH22].

In this context, Al;_ Sc,N promises uniform ferroelectric properties also for highly
scaled devices due to the preferred highly c-axis oriented (i.e. highly textured) growth
and the very stable ferroelectric wurtzite phase.[KKOJ23, MSM*21] The remarkable
temperature stability with a Curie-temperature above 1100 °C allows to address high
temperature applications.[IWY*21|. No post-annealing is required and ferroelectricity
is present from the very first cycle, thus simplifying the integration into devices in com-
parison to HfO2-based ferroelectrics. Furthermore, ferroelectric Al;_,Sc,N can be grown
epitaxially on the structurally compatible wurtzite-type III-N materials like GaN and
the integration of ferroelectric functionality into GaN-based high electron mobility tran-
sistors (FeHEMTS) using Al;_,Sc,N was recently demonstrated.[WWH'23, CNN*22]
This opens a completely new perspective on power electronic device functionality, e.g.
in the form of non-volatile memory or dynamically changing the normally-on behaviour
of HEMTs into the favourable normally-off behaviour.[YOY*23] Two-terminal devices
as well as three terminal 2D-FeFETs using ferroelectric Al Sc,N were recently demon-
strated as well.[WWM*23, LZW*21, KOF*23] While the demonstration of such de-
vices is impressive and gives a prospect on possible applications, aspects such as relia-
bility, endurance, the feasibility of industrial integration at reasonable manufacturing
costs, dimensional miniaturization and power consumption have to be addressed in or-
der to enter the commercial market. Thus, fundamental research on the basic material
properties is required in order to understand and improve the ferroelectric behaviour of
Al;_«SceN. In this context, especially the understanding and may suppression of leakage
currents appearing at the high fields required for ferroelectric switching are essential

from a device-perspective.




Chapter 1. Introduction

Therefore, in the course of this work, the focus first lies on epitaxial growth of
the usually fiber-textured ferroelectric Al_.Sc,N on GaN templates with and with-
out intermediate epitaxial Pt electrode (see chapter 4.2 and 4.1). This allows not
only to investigate the impact of the structure on the electrical response with respect
to e.g. leakage, coercive field and polarization, but also to investigate the feasibility
and the fundamental properties of this ferroelectric III-N heterostructure in general.
Latter forms a base for future power- and optoelectronic devices enhanced by ferroelec-
tric functionality. This is strengthened by the followed investigation on single-crystal
ferroelectric Aly_(ScyN/GaN heterostructures grown by metal organic chemical vapor
deposition (MOCVD), which is the standard growth method for III-N devices.

The second focus of this work lies on the thickness reduction of Al; ScyN thin
films, which is required for low voltage and thus low power operation in order to be
competitive or to outperform current technologies and for reaching compatibility to
the on-chip voltage supply of advanced integrated circuits (ICs). Therefore, the im-
pact of thickness reduction on the ferroelectric response and structure is investigated
in detail (see chapter 4.4). Finally, through the investigation of ferroelectricity in
Al ScN films with thicknesses down to 4 nm, the polarization domain evolution, the
partial switching capability of ultralow volumes as well as switching voltages as low
as 1 V are revealed (see chapter 4.5). Additionally, this guided towards the observa-
tion of hysteretic leakage current contributions likely arising due to charged domain
wall formation and conduction upon ferroelectric switching, which is strenghtened by
the TEM investigations on the single-crystal quality MOCVD-grown Al;_,Sc,N. While
simple leakage currents in ferroelectrics are generally considered to be unfavourable
(e.g. in terms of power consumption or device failure), the domain wall conduction
(DWC) phenomena present e.g. in classical ferroelectrics resulted in the emergence of

an own class of devices which is suitable for targeting memory as well as neuromorphic

applications (DWC-based devices).[JZ19, SS23|




Chapter

Fundamentals

2.1 Ferroelectricity

Ferroelectricity can arise exclusively in materials with a polar space group and thus
with a spontaneous polarization. At higher temperatures (i.e. above the material-
specific Curie temperature) the spontaneous polarization typically disappears and a
non-polar phase becomes energetically favourable. Ferroelectricity implies the polar-
ization inversion between at least two stable states by the application of an electric
field. Therefore, while all materials with a polar space group are pyroelectrics as well
as piezoelectrics, not all of them are ferroelectrics.[RDLT| Also the wurtzite-type ma-
terials were considered to be only pyroelectric until the year 2019, in which Fichtner
et. al demonstrated ferroelectric switching in Al;_ Sc,N experimentally.[FWL*19] This
can be regarded as the birth of the ferroelectric wurtzite-type family which up to now
got expanded by Al BN , Ga;_Sc,N, Al;_ YN | Zn;_ Mg,Oand recently also by un-
doped AIN.[HHX 21, WWWM21, WML*23, FBZ*21, HSO*23] All of these materials
have in common that the electric field required to invert the polarization is comparably
high and close to the electrical breakdown field. This typically goes hand in hand with
the appearance of leakage currents at fields close to the switching field. This enriches
the investigation of ferroelectricity in the wurtzite-type materials and may explains
why ferroelectricity in this material class has been discovered only recently. Therefore,
in this chapter, the focus first lies on the characterization of ferroelectrics in general.
Special attention is given to the clear identification of the ferroelectric switching event
and its distinction to only resistive and capacitive effects. Later, the switching dy-
namics in ferroelectrics involving domain nulceation and growth are discussed. This is
followed by an introduction to the basic ferroelectric properties of Al;_(Sc,N. Finally,

the chapter ends with an overview of the current state of the art of ferroelectric-based



Chapter 2. Fundamentals

memory devices and their prospects in terms of future applications with special focus

on the fluorite- and wurtzite-type ferroelectrics.

2.1.1 Basic ferroelectric properties and characterization

Polarization in dependence of the electric field (P — E) loops are at the core of ferro-
electric characterization. They directly reveal the key properties such as the remanent
polarization (P,) and the coercive field (E.). The latter is defined as the electric field,
which is required to obtain zero net polarization. P, is defined as the retaining net
polarization without the application of an external electrical field.[Dam98| Its sign and
so the direction of the polarization depends on the history of the material and can
be changed by the application of an electric field higher than the material-specific
and frequency-dependent E..|[JLZ13] The shape of the hysteresis reflects the switching
dynamics and allows directly to distinguish between abruptly- (very steep slope, nar-
row switching field range) and slowly (moderate slope, broader switching field range)
switching ferroelectric materials.

P — E loops are typically obtained by applying a voltage signal (e.g. of triangular,
trapezoidal or sinusoidal waveform) to a ferroelectric capacitor while measuring the
current response, as illustrated in Figure 2.1.

Prior to the actual hysteresis measurement, it is convenient to preset the polar-
ization state by pre-poling the capacitor. The polarization can then be deduced from
the displacement of the charges at the electrodes screening the polarization (i.e. the
displacement current) upon application of an electric field.[JLZ13] At fields far apart
from E. (no FE-switching), the displacement current is solely a consequence of dielec-
tric polarization and is denoted as i.. This effect occurs in any dielectric capacitor,
its extent is proportional to the area of the capacitor (A), the relative permittivity
(¢,) and to the change of the electric field with time (dE/dt) and can be calculated by
equation 2.1:]AMMK18]

dE
dt

with g¢ the vacuum permittivity. Thus, for a voltage signal with triangular wave-

ic(t) = goe, A (2.1)

form, a constant positive and a constant negative displacement current i. appears for
increasing and decreasing fields respectively, as depicted in Figure 2.1b. In the vicin-
ity of E., the polarization starts to invert, therefore the charges screening the prior
polarization state at the respective electrodes need to invert as well, resulting in a
displacement current (is) solely due to the ferroelectric switching event. This current

peaks typically at E.., followed by a decrease to zero as soon as the polarization inverted
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Figure 2.1: a) Voltage signal with triangular waveform used to perform dynamic hysteresis

measurements. The pre-poling defines the polarization state of the ferroelectric
prior to the actual measurement. b) Possible individual current responses of a
ferroelectric capacitor upon application of a voltage signal as depicted in a). c)
An exemplary P— E hysteresis loop (black) of an Al;_«SckN based ferroelectric ca-
pacitor and its associated apparent polarization. The measured current response
(blue) is a superposition of ferroelectric and dielectric displacement- as well as
leakage currents. The measurement was performed by using a signal with trian-
gular waveform at 1.5 kHz. In addition, the visible asymmetry is related to the
difference in top- and bottom-electrode materials (Pt and n-GaN). [SPI*22| John
Wiley & Sons. (C) 2022 The Authors. Advanced Functional Materials published
by Wiley-VCH GmbH.

completely (see Figure 2.1b). The associated accumulating charges per area correspond

to the polarization P at time ¢t and the respective electric field F, which can therefore
be calculated by equation 2.2:[Dam98§]

P(t) = /O i (t)dt (2.2)

By plotting P(t) in dependence of F(t) for one period T" of the measurement signal,

the typical hysteretic P — E loop is obtained. However, in reality the measured current

corresponds to a superposition of the individual currents as sketched in Fig. 2.1b. For

a symmetric voltage signal (e.g. triangular waveform) it follows fOT i.(t)dt = 0. Thus,
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Chapter 2. Fundamentals

the enclosed area of the P— E loop is not changing due to i, and the polarization at zero
field is still reflecting the intrinsic P, value. However, a constant 7. results in a tilting of
the P — E loop. At higher fields, in addition to the dielectric and ferroelectric displace-
ment currents, typically non-linear leakage currents (7;) arising e.g. due to Schottky
emission, Pool-Frenkel emission or Fowler-Nordheim tunneling can contribute to the
overall current response (see Figure 2.1b). P — E loops which are affected by leakage
can be misinterpreted, i.e. in the sense that the ferroelectric nature is not directly
evident (4; > i¢) and P, is easily overestimated as well as E, may can’t be determined
correctly.[MWPT05] On the other hand, measured P — E loops of leaky dielectric ca-
pacitors can be easily misinterpreted to be ferroelectric.[YIV*11, Sco07] The current
response and the associated P — F loop of an exemplary ferroelectric Al;_,Sc,N based
capacitor (device structure sketched in the inset) consisting of a superposition of all of
the discussed individual currents is depicted in Figure 2.1c. Clearly, the displacement
current peaks due to true ferroelectric switching are visible. The field at which the
current peaks coincides with F., where also the slope of the P — E loop is highest. In
comparison to the ferroelectric displacement current, the dielectric displacement cur-
rent at lower fields (E < E,) is small and therefore not visible in the current response,
although a slight tilting of the P — E loop is evident. However, the overall current
increases after reaching the local minima of the current peak at £ > E.. Furthermore,
when sweeping back from the maximum applied field, the current is not dropping back
to the constant dielectric displacement current. Both phenomena are clear indications
of leakage current contributions. Thus, the polarization obtained via equation 2.2 is
overestimated and not reflecting the true polarization of this ferroelectric capacitor. To
correct the P — FE loop for leakage and dielectric displacement contributions, one can
perform the positive-up negative-down (PUND) or the dynamic leakage compensation
correction (DLCC) method.[BJKT93, MWP*05]

A typical PUND sequence, in this case consisting of a train of voltage signals with

triangular waveform, is depicted in Figure 2.2a.

The first voltage signal presets the polarization of the ferroelectric. During the
second signal, the polarization in a true ferrolectric will switch (SW), resulting in
the current response i, = iy + 4; + i.. In the subsequent voltage signal with same
polarity, the polarization of the ferroelectric will not switch again (NSW) and the
current response amounts to 4,3 = %; + %.. The same holds true for the opposite
polarity (signal 4 and 5) and the ferroelectric displacement currents can be separated
from dielectric and leakage contributions (i = ipo+imu—(ip3+iys)). The integration over
time of ¢y results in the corrected P — £ loop and allows for extraction of the intrinsic

P, and FE, values. Furthermore, the PUND technique is helpful to distinguish between

8



2.1. Ferroelectricity
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Figure 2.2: a) Typical PUND voltage signal sequence. The switching (SW) and non-switching
(NSW) voltage signals are labeled respectively. b) Ferroelectric displacement cur-
rents sketched for two frequencies (w1, ws with we > wy). The displacement current
as well as E. (peak position) increases with increasing frequency.

real ferroelectricity and solely non-linear resistive or/and capacitive effects.[Sco07|

In contrast to PUND, the DLLC method corrects for i; by the subtraction of two
switching cycles measured at different frequencies (w). Since the charges required to
screen the polarization inversion are frequency independent (¢; = iy/w = const), the
current i has to increase with frequency (iy o w) in order to properly screen the intrin-
sic polarization of the ferroelectric material, as sketched in Figure 2.2b. On the other
hand, the leakage current is in good approximation only dependent on the voltage am-
plitude, but not on the frequency. Therefore, by subtracting the current response of two
switching cycles measured at different frequencies i(ws) —i(wq) with wy > wy, the leak-

age compensated current response (iqmp) can be calculated by equation 2.3:[MWPT05]

feomp(0) = 7 + e = (i) — i{en)) (2.3)

This allows in principle to calculate the leakage free current response for any fre-
quency (w). However, for the DLCC method it is assumed that the peak shape of i;
is not dependent on the frequency, which implies a frequency independent E.. This is
certainly not the case for real ferroelectrics, as the polarization inversion involves the
time-dependent nucleation and growth of polarization domains, which will be discussed
in the following section. Therefore, equation 2.3 is suggested as a first order approx-
imation and the frequencies w; and w, should be chosen to be close in order to keep
the impact of the frequency low. The leakage free P — E loop can than be calculated

by the integration of %.4,, over time using equation 2.2.
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The relative permittivity is strongly enhanced by the presence of the permanent
dipoles and their inversion upon ferroelectric switching.[B604] As a result, ¢, in depen-
dence of the electric field (¢, — E) loops of ferroelectrics typically exhibit a butterfly-
shaped hysteresis, as depicted in Figure 2.3a. Similar as for P — E loops, no or only
a minor hysteresis is obtained when measuring non-switching (i.e. pre-poling the ca-
pacitor to the subsequent field direction of the actual measurement) ¢, — E loops of

ferroelectric capacitors. If both effects are present, this is a clear fingerprint of true

ferroelectricity.
a) b)
I I I I I
18 [~ 1 —~~
2 S
= S
£ >
£ o
(] c
o 17 F - L
2 3
L ’.'
16 | | | | |
-4 -2 0 2 4 Polarization (a.u.)

Electric field (MV/cm)

Figure 2.3: a) Typical butterfly-shaped e, — E loop indicating ferroelectric switching in a 100
nm thin Aly_SciN based capacitor. Measured using a small amplitude AC signal
of 100 kHz and 0.1 V overlaid by a DC bias voltage swept with steps of 0.5 V
and a delay of 100 ms in between. b) Landau free energy double well potential
for different electric fields.[PKH"17] Reproduced with permission from Springer
Nature.

The &, response on the electric field can be measured by the application of an AC
voltage with high frequency (> 1 kHz) and small amplitude which is superimposed by
a stepwise increasing DC offset voltage. The AC signal in conjunction with an LCR
meter allows to determine the capacitance C' in dependence of the DC bias field from

which for the parallel-plate capacitor configuration ¢, can be deduced via equation 2.4

_cd
_SoA

with d the thickness of the dielectric layer and A the area of the capacitor. The

Er (2.4)

common explanation for the butterfly-shape of €, — E loops refers to the polarization
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2.1. Ferroelectricity

domains and the associated domain wall movement. The presence of domains and
domain walls destabilizes the lattice and the associated shallower potential well for
atomic displacement results in an enhancement of e,. Thus, for increasing F with
E < E., the initial rise of €, can be explained by the activation of pinned domains
(i.e. pinned domains at defect sides become mobile) and the creation of new domains.
In the vicinity of E., the maximum in €, can be correlated to a domain state with
highest disorder, while the drop of ¢, at fields above E,. can be related to the decrease
in domain density due to polarization switching. Increasing further the electric field
should in principle result in a single domain state with ¢, reaching its minimum and

becoming constant.[Dam98, BLGW99, CBSBI7|

However, the coercive field of Al;_Sc,N is high compared to classical ferroelectrics
and the unipolar state (i.e. only one polarization direction present in the material)
is very stable. Thus, an initial rise of ¢, can hardly be explained by the creation
or depinning of polarization domains at electrical fields well below FE.. The distinct
butterfly-shaped ¢, hysteresis observed for Al;_,Sc,N is explainable by considering the
Landau theory. A bias field creates an asymmetry in the Landau free energy double well
potential - see Fig. 2.3b. In particular, this results in a flattening of the potential well
which describes the switching side (i.e. the acting electric field is anti parallel to the
polarization direction) and in a steepening of the potential well which describes the non-
switching side (i.e. acting electric field is parallel to the polarization direction). Thus,
before switching, the displacement of the atoms at electric fields below FE. is facilitated
and the relative permittivity is enhanced. After polarization switching (E > E.), €
drops drastically due to the steeper potential well of the non-switching side.[PKH" 17,
MSM*21]

Furthermore, it is well-known that not only polarization domains-, but also several
other effects contribute to the field-dependence of ¢,, e.g. the movement of charged
defects and the related building-up of a space charge region (SCR)|[LS09] or the piezo-
electric effect[AP09]. In general, the via a bias field adjustable permittivity makes
ferroelectrics highly interesting for tunable microwave applications, e.g. in the form of
varactors.[SDET06].

2.1.2 Ferroelectric domains

Ferroelectric materials feature at least two stable polarization directions within their
crystal lattice. Regions with a specific polarization direction (domains) typically form
which are separated by an interface (domain wall) to adjacent regions with different

polarization direction. Such splitting into domains occurs e.g. when a material is
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Chapter 2. Fundamentals

cooled to below the Curie temperature, where the transitions from the paraeletric
into the ferroelectric phase occurs, since the individual polarization directions are in

principle energetically equivalent. Dam98, EGMB20]

Based on the classical considerations of Kittel in 1946 for ferromagnets which
were adapted briefly later for ferroelectrics, a stray field (and so a depolarization field
E4ep) appears in theory also for ferroelectrics if the polarization is unscreened (Figure
2.4a).|Kit46, MF53] Similar as in ferromagnets, such a stray field and its associated
energy can be reduced by the formation of domains with opposite polarity, as sketched
in Figure 2.4b.

) b)
2 SN NN
++ 4+ ++ + + ++ - -+ +
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Figure 2.4: a) Sketch of an unipolar (single domain) unscreened ferroelectric and the associ-
ated stray field resulting in the depolarization field (E4e,) b) The formation of

domains with different polarization directions results in a stray field reduction -

based on classical considerations from Kittel. c¢) Sketch of a single domain with-

out the occurrence of stray fields as the polarization is screened - e.g. due to the

charges provided by electrodes (sketched in gray). d) Sketch of an inclined domain

wall and the associated compensating charges in tail-to-tail (polarization pointing

apart from each other) and e) head-to-head (polarization pointing towards each
other) configuration.

However, an increasing number of domains comes at the cost of an energetically
unfavourable increase in domain wall density. The minimization of these energies with

respect to the domain width (w) results in the well-known equation|CSRS12]
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2.1. Ferroelectricity

o
=4/ =d 2.5
w=/7 (25)

with o the energy density per unit area of the domain wall, U the volume energy
density of the domain and d the film thickness.

Nevertheless, if the polarization is screened, the stray field is absent and a single
domain state is energetically stable, as depicted in Figure 2.4c. Consequently, after
poling or inverting the polarization of a ferroelectric capacitor by the application of a
sufficiently high enough electric field (E > E.) with subsequent removal of the field,
a domain configuration with net polarization (P, > 0) can remain stable due to the
screening charges present at the electrodes. Furthermore, a single domain state can
also be stable without the presence of electrodes. In contrast to magnetism, electrical
charges are monopols and can be screened easily by available charges which are present
e.g. in the plasma during sputter-deposition. As an example, the as-deposited polarity
of Al;_ScN is typically fully Nitrogen (N)-polar (i.e. no domains are present right after
deposition).[FWL*T19] The domain dynamics are further complicated by the necessary
occurrence of defects, e.g. the interface to the electrodes, topography, grain-boundaries,
dopants, vacancies, and so on. This defects can hinder domain wall movement as well

as act as nucleation center for inversion domains or as pinning centers.[Dam98|

The domain dynamics in ferroelectrics often match what is referred to as the Kol-
mogorov—Avrami-Ishibashi (KAI) model[IT71, SRM98|, which considers domain nucle-
ation and propagation upon ferroelectric switching. In this theory, the limiting factor
for polarization inversion is the domain wall movement and so the domain growth (do-
main wall motion limited switching). The volume fraction V; switched at the time ¢ is

then expressed via equation 2.6:

(- (1)) »

with tg the characteristic switching time and n the Avrami exponent, which is
closely related to the dimensionality D of the growing domains. In the case of a
random distribution of pre-existing nucleation sites it follows n = D, while in the case
of a continuous constant nucleation rate it follows n = 1 + D.[YHM*23] From this the
frequency (f) dependence of E. (which can be defined as the field where V; = 0.5)

follows the formula

E, = fP/e (2.7)

with o ~ 6.[DRS05]
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Chapter 2. Fundamentals

A more recent approach to describe the domain dynamics was established by
Tagantsev et al.[TSST02| Here, the limiting factor is not the domain propagation but
the nucleation of domains (NLS). The domain evolution for the KAI and the NLS
model are sketched in Figure 2.5.

a) Nucleation without growth contribution (NLS model)

>
t, E

Figure 2.5: Sketch of domain evolution with time ¢ and electric field F (increasing from left to
right) a) for the nucleation limited switching and b) for the domain wall motion
limited switching. An extended KAI model for describing the wurtzite-type fer-
roelectric domain dynamics is sketched in ¢). Reproduced from Ref. [YHM™23]
with permission from the Royal Society of Chemistry.

The validity of the respective model can be proven by fitting the transient current
of the individual ferroelectric material in dependence of time and electrical field to e.g.
equation 2.6 in the case of KAI switching dynamics. However, due to the fact that
the KAI model assumes an infinite crystal as well as unrestricted domain growth, it
is more appropriate to describe domain dynamics in single crystals or epitaxial films.
This way, as an example, epitaxial PZT thin films were suggested to follow the KAI
model[SKNT05], while polycrystalline PZT and HfO, thin films were suggested to
follow the NLS model[TSST02, MSM*12, GSJ*18]. However, for the wurtzite-type
ferroelectrics Al;_,ScyN and Al BN neither the KAI nor the NLS model could ap-
propriately describe the domain dynamics and a modified KAI model was proposed,
which considers simultaneous non-linear nucleation and growth, as sketched in Fig.
2.5¢.[YHM"23] Note that the shape of the domains is not necessarily cylindrical, but
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2.2. Ferroelectricity in Al;_,Sc,N

can also be e.g. cone-like, as sketched in Fig. 2.4.

From a device perspective, the switching speed as well as the domain evolution dur-
ing switching are of greatest interest. Former determines the maximum operation speed
while latter is especially interesting in terms of stable partial switching capabilities of
highly-scaled multi-storage or neuromorphic devices. In this context, due to the small-
signal amplitude and frequency dependence of polarization domains (and so of ¢,.), such
domain dynamics can in principle be investigated by performing Rayleigh-analysis (see
chapter 2.1.1).[Eit07, ZHH"21b, BBKK22, MPG23]

Furthermore, the (partial) inversion of the polarization may involve the formation
of polarization discontinuities between two adjacent domains. Such discontinuities are
typically screened by mobile charges (i.e. charged domain walls) and are suitable for
current transport (i.e. conductive domain walls).[EGMB20] A sketch of charged domain
walls in tail-to-tail and head-to-head configuration are presented in Figure 2.4d and e.
The density of charged domain walls and so the overall resistivity of the ferroelectric can
be modulated by exploiting the time and field dependence of the ferroelectric switching
process. This enables in principle nanoscaled memristive devices capable of addressing
neuromorphic concepts.[SZST17, WMH'22, SS23, MLW 20|

2.2 Ferroelectricity in Aly_ScyN

In the course of this doctoral thesis, a comprehensive review on the structural and
ferroelectric properties of Al;_Sc,N was published. This review provides an introduc-
tion to ferroelectric Al ScyN , summarises the results of our own studies as well as
others and reflects the state-of-the-art.[SIF23| This chapter includes an excerpt of this
review discussing the basic ferroelectric properties of Al;_Sc,N . The included part was
solely written by myself. Epitaxy and thickness scaling of ferroelectric Al Sc,N were
the main focus of this doctoral thesis, thus their discussion is included in the form
of own publications in chapter 4. The possible applications of Al;_ Sc,N in terms of
state-of-the-art ferroelectric memory devices are discussed in chapter 2.3.

This chapter was published in Emerging Ferroelectric Materials and Devices, Vol
114, G. Schonweger, Md. R. Islam, S. Fichtner, Structural and ferroelectric properties
of Al;_Sc,N , 80-82, Copyright 2023, with permission from Elsevier. Slight adaptions
consisting of changing in-chapter references and the inclusion of Fig. 2.7 were made.

Polarization in dependence of the electric field (P — E) loops for the up to now
most studied wurtzite-type material Al Sc,N are depicted in Figure 2.6a, reveal-
ing its fundamental ferroelectric properties. The material features a high remanent

polarization (P,) as well as a high coercive field (E,). In combination with the square-
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Chapter 2. Fundamentals

like shape of the hysteresis, the latter promises long retention times, meaning no loss
of polarization over time. Early work demonstrated virtually constant remenant po-
larization for at least 10° s in Al Sc,N [FWLT19|, which was later confirmed by
Wang et. al.[WWV*21, WWMM22| Drury et. al. investigated retention at elevated
temperatures up to 400 °C for 10% s and observed negligible (< 2 %) changes in ap-
parent polarization. This changes were likely arising from leakage current variations
before and after the dwell time of the respective temperature, thus no true polariza-
tion loss is expected.[DYZT22| The distinct polarization states and the stability with
time and temperature of Al;_ Sc,N are beneficial in terms of device applications, e.g.
for ferroelectric-based non-volatile memory and neuromorphic computing devices. Re-
cently, impressive 10 years of data retention was extrapolated for an Al;_Sc,N based
two-dimensional channel ferroelectric field effect transistor (FeFET).[KOF*23].
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Figure 2.6: a) P — E loops for various Scandium concentrations (x) and in comparison to
PZT. Reprinted from [FWL*19|, with the permission of AIP Publishing. b) P,
and E, for various material classes. (C) [2020] IEEE. Reprinted, with permission,
from [FLW™20]

The high remanent polarization in combination with the high coercive field sepa-
rates Al;_Sc,N from classical- as well as from the relatively new Hafnia-based fluorite-
structured ferroelectrics, as depicted in Fig. 2.6b. The narrow hysteresis-loop of
PbZrg 52 Tip4803 (PZT 52/48) depicted in Fig. 2.6a highlights further the difference of
Al ScN to such classical ferroelectrics. The much larger P, values range between 80
to 130 uC/cm? and E, values range between 2 and 6 MV /em, both are adjustable by
changing the scandium concentration x. Chemically, the inclusion of Sc atoms destabi-
lizes the wurtzite-structure due to the different coordination numbers between Al atoms
in the wurtzite-type AIN and Sc atoms in the cubic SeN.[WIK*22, BFPS21| Addition-
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2.2. Ferroelectricity in Al;_,Sc,N

ally, the more ionic bonding-type of Sc-N compared to the more covalent bonding-type
of AI-N was suggested to disturb the wurtzite structure further.[YMG™22| Structurally,
an increase in x results in an increase of the internal parameter u (the relative distance
in c-direction from a metal to a nitrogen atom - see Fig. 2.7). This goes hand in hand
with a decrease in the dipole moment, explaining the decrease in P, with increasing x.
The structural and chemical changes with increasing scandium content result in a low-
ering of the energy barrier for switching between the two polarization states.[MSM™21]
Thus, if the barrier is low enough, meaning that FE, is lower than the electrical break-
down field, the material can undergo the transition from one polarity state into the
other by the application of an electric field, i.e. the material becomes ferroelectric.

layered
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Figure 2.7: The two stable polarization states in ferroelectric Al;_xScxN and the intermediate
layered hexagonal structure. Black dots depict nitrogen atoms, grey dots depict
Al/Sc atoms. [SPIT22] John Wiley & Sons. (C) 2022 The Authors. Advanced
Functional Materials published by Wiley-VCH GmbH.

N-polar M-polar

The scandium concentration has to be in a certain range for Al;_,Sc,N to be fer-
roelectric. The maximum value is determined by the concentration at which the
transition from the polar wurtzite structure into the non-polar cubic structure oc-
curs. Akiyama et. al. reported that the transition starts at z = 0.42, above which
a mixture between wurtzite- and cubic structure coexists up to x = 0.45, followed
by a solely cubic structure.[AKK'08] This agrees well with the reported x,,,, = 0.43
of Fichtner et. al.[FWLT19| In contrast, the minimum scandium concentration for
Al ScyN to be ferroelectric is not restricted to a fixed value, since the energy barrier
for switching is also highly dependent on film stress and temperature as well as on epi-
taxial strain if grown epitaxially. All of these parameters can destabilize the wurtzite-
structure and thus facilitate ferroelectric switching, eventually resulting in a lowering of
E..[FWL*19, SPIt22, GLI*23, YNF*22| As an example, even in undoped AIN, ferro-
electricity was experimentally demonstrated at temperatures above 100 °C.[ZHH*21a]
However, the electrical breakdown field is also dependent on strain/stress, temperature
and scandium concentration. Furthermore, the band gap of Al;_ Sc,N decreases with
increasing scandium concentration.[DEG13] As a consequence, the electrical break-

down resistance decreases as well with increasing z.[Wan| Similarly, temperature and
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strain/stress influence the breakdown resistance.[ZHH*21a, YMO'22a, YMO™'22b]
Ferroelectric switching can only occur if E. is below the breakdown field. Thus, the
combination of scandium concentration, stress/strain and temperature determine the
(ferro)electric response of Aly_,ScxN .

Here the included excerpt of the review "Structural and ferroelectric properties of

Al Sc,N" ends. [SIF23]
The full review can be found online - hitps://doi.org/10.1016/bs.semsem.2023.09.017
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2.3 State-of-the-art of ferroelectricity-based memory

devices

The field driven switching of the polarization in ferroelectricity-based memory de-
vices promises lowest energy consumption. Furthermore, the readout of the (partially
switched) polarization state - representing e.g. a (multi-level) memory state - can be
accomplished in several ways; by measuring the ferroelectric displacement current (e.g.
FeRAM), by sensing the field effect induced by the polarization screening charges (e.g.
FeFET, FeHEMT) or by measuring polarization dependent currents which go through
the ferroelectric material (i.e. memristive devices in the form of ferroelectric tunnel
junctions, ferroelectric diodes and domain-wall-conduction-based devices). Exploiting
ferroelectricity thus allows for a broad range of device concepts (see Fig. 2.8) and var-
ious demonstrator devices which prove the basic memory or computation functionality

can be found in literature.

a) b) )
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Figure 2.8: Basic structure of ferroelectricity-based non-volatile memory devices concepts - a)
FeFET, b) FeHEMT, c¢) FeRAM and d) ferroelectricity-based memristive devices.

However, FeRAM are up to now the only ferroelectricity-based memory devices

which entered the commercial market.[Bon90| In this chapter, first a short summary
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on how FeRAM evolved and why up to now it serves only a niche market is given.
This is followed by a discussion on why and how the fluorite-type and wurtzite-type
ferroelectrics potentially enhance ferroelectricity-based devices capable of entering a
much broader commercial market. The state-of-the-art of wurtzite- and fluorite-type
ferroelectricity-based devices such as FeRAM, FeFETs, FeHEMTs, as well as two-
terminal devices are presented. The peculiarities of the two ferroelectric material classes

and the potential advantages in regard to the respective devices are discussed.

The commercialisation of FeERAM in the early 1990s was enabled by the success
of integrating ferroelectric PZT via RF-sputtering into a CMOS process. This is fa-
cilitated by the fact that the ferroelectric capacitor consisting of only poorly CMOS
compatible materials is spatially separated from the actual CMOS transistor (1T-1C).
This resembles the design of volatile dynamic random access memories (DRAM), but
for FeRAM the capacitor is a ferroelectric and can therefore hold its state also with-
out power supply (non-volatile memory). Furthermore, ferroelectric switching involves
higher displacement currents compared to the ones resulting from simple capacitor
charging in DRAM. In principle, this allows to scale down the lateral dimensions more
aggressively, while still maintaining adequate readout currents, eventually resulting in
higher cell densities.[SSM18] However, perovskite-based FeRAM got stuck at a 130 nm
CMOS process and thus exhibits a much smaller storage density than state-of-the-art
DRAM or FLASH devices.[USR*13] This is partly due to the polarization degrada-
tion typically observed for perovskite ferroelectrics when scaled down to below 50 nm
as well as due to its poor compatibility with Si-based CMOS technology, which gets
pronounced especially in highly scaled devices and requires cost-intense fabrication
steps.[PCL*23] Furthermore, although its non-volatile nature, the readout event in
FeRAM is destructive and requires restoring the actual state of the cell after each
read operation. Thus, read operations are also write operation which can limit the
endurance of the device and requires additional energy. Despite its lower displacement
currents, the 3D-integration of the active layers in state-of-the-art DRAM allowed for
decreasing the projected lateral dimensions (sub-20 nm CMOS process) without loos-
ing the readout signal. [LLC"23] Therefore, the storage density of DRAM and FLASH
devices is much higher and the costs per bit much lower compared to perovskite-based
FeRAMs. Consequently, commercially available FeRAM technology up to date serves
a niche market which requires comparably low power consumption, fast access times

and high reliability.

The emergence of the fluorite-type ferroelectrics in 2006 and the wurtzite-type ferro-
electrics in 2019 raised expectations of advancing ferroelectricity-based devices, which

are envisioned to eventually enhance information technology and serve a broader com-
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mercial market.[PCL*23, KKOJ23, LLC*23, SPMH22| Both material classes are fully
CMOS-compatible and their deposition is already well established in industry. Addi-
tionally, they feature unique properties such as a high F, as well as a moderate to high
P,, which promises stable data retention and large memory windows (see chapter 2.2).
This in combination with the thickness scalability down to the sub-5 nm regime, which
for Al;_ScxN was investigated during this doctoral thesis - see chapter 4.4 and 4.5),

allows in principle for highly scaled devices operating at low power.

For HfO, -based FeRAMs a cycling endurance of up to 104, operation times of 10 ns,
operation voltages of 2 V and data retention of 10 years at 85 °C are reported.[SSM18,
OKK™20, KKOJ23] Highly scaled devices using a 1Xnm technology node consisting of
3D capacitor structures combined with 5 nm thin ferroelectric Hafnium-zirconium oxide
(HZO) resulting in 8Gbit density were demonstrated.[SRK*21] The much faster read
and write times compared to FLASH memory devices allow for reducing the latency
gap between memory and computation. Furthermore, FeRAMs consume less power
than conventional FLASH devices.[ KKOJ23| FeRAMs are also interesting candidates
for the replacement of DRAM. As mentioned above, the ferroelectric displacement cur-
rents are higher than the displacement currents of dielectrics. Very recently, Micron
Technology Inc. demonstrated that this together with the ability of growing fluorite-
type ferroelectrics (e.g. HZO) uniformly onto 3D structures by using atomic layer
deposition (ALD), allows for a higher storage density as well as a reduction in manu-
facturing complexity and thus in a reduction of cost per bit compared to conventional
DRAM. They presented a market-ready 32 Gbit dual-layer FeRAM device based on 3D-
structured ferroelectric HZO, which they call non-volatile (NV)DRAM.[RCZ*23| The
reported endurance greater than 10'® matches the endurance of conventional DRAM,
while close to DRAM performance concerning write/read times is achieved, all com-
bined with the non-volatile character for which retention times of more than 10 years
are extrapolated. This enlarges the current memory landscape and demonstrates that
highly scaled and in terms of costs per bit competitive FeERAM devices capable of serv-
ing a broad commercial market are from a technological point of view already available.
Due to the relatively short development time of the wurtzite-type ferroelectrics, only
very recently an FeRAM like selector free memory array consisting of 10 nm thin fer-
roelectric Aly Sc,N was demonstrated.[CLL*24| The high P. (> 100 uC/cm) of the
wurtzite-type ferroelectrics would allow in principle to reduce the lateral dimensions
even more. However, up to date there is a lack of investigations on 3D growth (e.g.
by using ALD) of the ferroelectric wurtzites. While the high crystallinity and textured
growth promises uniform properties and ferroelectricity is present from the very first

cycle, it could be a showstopper for the integration into 3D structures. The lower
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cycling endurance (up to 1077)[CHW'24] as well as the leakage currents appearing
in Al;_.Sc,N limits up to date the performance. On the other hand, the reported
hysteretic leakage currents for Al;_ Sc,N which add up to the ferroelectric displace-
ment currents could allow for further cell size reduction.[SWI*23] Furthermore, when
comparing the relative short development time of the wurtzite-type ferroelectrics with
the history of the fluorite-type ferroelectrics, research resulting in a lowering of the
non-hysteretic leakage current as well as an increase of the cycling endurance, e.g. by
interface engineering or doping, is likely to occur. Additionally, the high temperature
stability of Al; «ScxN (up to at least 1100 °C)[IWY 21| makes this ferroelectric highly
interesting for harsh environment memory applications (e.g. space or automotive).
This is especially true if the ferroelectric capacitors are integrated into highly temper-
ature stable SiC or Sapphire based field effect transistors (e.g. into HEMTS), which
will be discussed in more detail below.[MAG™10]

Similar as for FeRAMs, the emergence of the fluorite-type ferroelectrics advanced
significantly FeFET technology resulting in impressive device characteristics such as
sub-nanosecond operation, 2-5 V write voltages, data retention of 10 years at 150 °C
and a cycling endurance of up to 10" .[SSM18, KKOJ23| In terms of applications, Fe-
FETs are on one hand interesting for neuromorphic applications. The gradual switching
capability of FeFETs allows for storing intermediate conduction states in an analogue-
like fashion. Thus, FeFETs can mimic synaptic behaviour in the sense of that the
intermediate conductivity states represent the weights of a synapse. Additionally, ac-
cumulative switching of FeFETs allows to mimic the integrate-and-fire functionality
of neurons.[CMM™22] On the other hand, FeFETs offer faster read and write times
and lower power consumption in comparison to FLASH devices, similar as for FeRAM
but with the advantage of a non-destructive readout. Thus, they are also potential
candidates for next-generation low-latency memory devices. However, the entrance of
FeFETs into the commercial market is still pending, mainly due to device-to-device
and cycle-to-cycle variability and the loss of multi-level storage capability in highly
scaled devices. Both issues are related to the polymorphism and the polycrystallinity
of the fluorite-type ferroelectrics - which is fundamentally different for the wurtzite-
type ferroelectrics. The latter grow over a wide concentration range exclusively in the
wurtzite phase with preferred texture and high crystallinity. Thus, compared to the
fluorite-type ferroelectrics, more uniform properties can be expected also for highly
scaled devices. Furthermore, during this thesis stable partial switching inside a single
grain was experimentally observed which demonstrate multi-level storage capability
also of small volumes in the range of 5x5x5nm? - see chapter 4.5. This fundamental

difference in switching dynamics and structure of the wurtzite-type- compared to the
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fluorite-type ferroelectrics could potentially solve the current issues faced for state-of-
the-art FeFETs. However, wurzite-type FeFETSs are still in its infancy and similar as
for FeRAM, the comparably lower cycling endurance, the lack of a 3D growth-method
and especially the apparent leakage currents are severe issues which need to be ad-
dressed in order to compete with fluorite-type FeFET devices. The general feasibility
of non-volatile wurtzite-type FeFET operation was demonstrated during this thesis in
a cooperation with Fraunhofer ISIT by integrating 200 nm thin Al;_,Sc,N into the gate
stack of a silicon based NMOS FET.[FSD*23| Liu and Kim et al. demonstrated the
integration of ferroelectric Al;_Sc,N with channel lengths and Al;_ Sc,N film thick-
nesses down to 20 nm into a CMOS backend-of-line compatible 2D channel FeFET,
thus guiding towards highly scaled Al;_ScN based FeFETs.[LWZ120, KOF*23]

Similar as for FeFETs, ferroelectrics integrated into the gate-stack of a HEMT de-
vice allow in principle for dynamic non-volatile threshold voltage control, which is not
only interesting for memory, but also for reconfigurable radio frequency applications.
In contrast to FeFETs, the channel of a HEMT is formed due to the polarization dis-
continuity between the barrier (e.g. AlGaN) and the channel material (e.g. GaN),
resulting in the formation of a two-dimensional electron gas (2DEG).[ASST99] Since
the polarization discontinuity is present right after the deposition, these transistors in
its simplest form operate in depletion (D-)mode - meaning they behave as normally-on
devices. Tuning dynamically the polarization discontinuity in a non-volatile man-
ner by using ferroelectrics allows for changing from normally-on into normally-off
operation.[HZL 12| The basic functionality of FeHEMTs was demonstrated for sev-
eral ferroelectrics including the fluority-type as well as recently the wurtzite-type
ferroelectrics.[SLS*02, SMMS06, WYST20, WWH*23, YOY 23, CNN*22| However,
HEMTSs are typically based on III-N materials which grow in the wurtzite-structure.
Thus, ferroelectric Aly_.ScyN , which is a ITI-N material itself, offers not only ferroelec-
tricity but also structural compatibility and similarities in the electrical properties, e.g.
a wide bandgap and a high spontaneous polarization. Thus, independent of its ferro-
electric properties, lattice-matched growth on GaN resulted in high performing HEMT
devices with Al;_,Sc,N used directly as barrier material. [HDN'17, AYY 22, CNC*22]
Additionally, we demonstrated ferroelectricity of Al;_,Sc,N sputter-deposited directly
onto n-type doped GaN, which provides a base for the integration of wurtzite-type
ferroelectricity into III-N heterostructures - see chapter 4.1. Thus, ferroelectric switch-
ing is in principle accessible directly in the barrier material, which, in addition to the
enhanced electrical properties, could be beneficial from a manufacturing and cost per-
spective of view. This is especially true considering our study on MOCVD-grown ferro-

electric Aly_.Sc,N on n-GaN, which demonstrates that wurtzite-type ferroelectricity can
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also be integrated by using the standard growth method for ITI-N devices - see chapter
4.3. This together with the outstanding temperature stability of Al Sc,N makes the
ferroelectric heterostructures based exclusively on III-N materials highly interesting for

high temperature (memory) applications as well as for enhanced HEMT operation.

The working principle of a classical ferroelectric tunnel junctions (FTJ) relies on the
polarization dependent direct quantum mechanical tunnelling through an ultrathin (1-
5 nm) ferreoelectric layer sandwiched between two electrodes (i.e. a capacitor).|TKO06]
The readout occurs at electric fields well below FE., thus, in contrast to FeRAM, the
readout is non-destructive. Thickness scaling below 5 nm film thickness of several
ferroelectrics including the fluorite-type ones was achieved and FTJ operation based
on direct tunneling was demonstrated in recent years.[GB14, AVKT*17, YHST19] An
endurance of 108, 10 years of data retention, switching at 20 ns, low power operation
and multi-level storage capability was experimentally demonstrated for HfO, -based
FTJs.[KKOJ23| Thus, such FTJs are already interesting candidates for non-volatile
memory as well as for neuromorphic applications. The conductivity state of FTJs
can typically be changed in an analogue-like fashion by switching partially the po-
larization, making them ideal candidates for the representation of synaptic weights.
Thus, this two-terminal devices allow in principle for highly dense crossbar arrays to
perform parallel weighted sum operations, which are very time consuming in conven-
tional neural network implementations.[Yul8, CMM™*22] Furthermore, due to the time
and electrical field dependence of the polarization switching, FTJs typically exhibit
spike timing dependent plasticity (STDP). However, classical FTJs depend on ferro-
electrics which can be scaled to below 5 nm film thickness. This remains challenging,
e.g. in the case of HZO due the required crystallization and the associated favour for
the non-polar tetragonal phase formation especially at such low thicknesses.[SPS*20)|
Composite barrier or two-layer F'T'Js consist of a very thin dielectric layer in series with
a ferroelectric layer, were latter can also be thicker than in classical direct tunneling
FTJs.]MCPK04, WW19| In such devices, direct tunneling can appear only in the ul-
trathin dielectric layer which overlaps with a polarization dependent potential barrier
modulation or/and results in a band bending of the whole stack.[MHSM18, SPS*20]
Similar to two-layer FTJs, in ferroelectric diodes (FE-diodes) the polarization depen-
dent leakage currents, e.g. due to Schottky-barrier modulation,[BWCK94| allow for
non-destructive readout without a specific requirement on the thickness of the ferro-
electric layer.[KKOJ23| The FE-diode as well as the two-layer FTJs have in common
that they typically exhibit a rectifying behaviour. In crossbar arrays this can suppress
sneak currents, which potentially result in read failures.[PCL*23, Giil9] One major

concern of all of these two-terminal devices, especially in terms of non-volatile memory
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applications, are the relatively low read currents. As a consequence, a trade-off between
lateral scalability and the time required to accumulate a detectable amount of charges
(i.e. read speed) has to be made.[SPST20, KKOJ23| The read currents typically de-
crease with increasing film thicknesses and range in state-of-the-art devices between 100
A/cem? (3 nm thick HZO) down to 107% A /em? (10 nm thick HZO).[CHC 21, HGJ23|
For highly scaled devices with a footprint of 10 x 10 nm? this would result in a max-
imum current of 100 pA, which is orders of magnitudes lower than the desired pA
range required for read speeds in the ns-range.[SM21| Furthermore, the device to de-
vice variability as well as the loss of multibit-capability faced in general for highly-
scaled HfO, -based devices is a limiting factor also for FTJs and Fe-diodes. In this
context, the wurtzite-type ferroelectrics promise advantages due to their single crys-
tallographic phase without the need of post-deposition annealing as well as due to
the demonstrated partial switching of ultralow volumes (see chapter 4.5). Further-
more, the comparably higher P, of the wurtzite-type ferroelectrics allow in principle
for higher On/Off ratios.[KKOJ23| Additionally, we could demonstrate ferroelectric-
ity in 4 nm thin Al;_ ScyN and suggested the feasibility of further thickness down-
scaling (see chapter 4.5). However, while direct tunneling in HfO, -based FTJs was
reported, the demonstration of direct tunneling through a wurtzite-type ferroelectric
is still pending. Recently, several studies on ferroelectric Al;_,Sc,N -based memristive
devices (i.e. Fe-diode and FTJ-like metal-ferroelectric-semiconductor devices) were
reported in literature [WWM*23, HCF*23, WWM*22, LZW*21, Liu| Noticeably, an
On/Off ratio of up to 10°, operation voltages in the single-digit range and uniform
properties over multiple cells and cycles were demonstrated for an Al; (Sc,N /GaN
based two-terminal memristive device.[WWM*23] These devices are especially inter-
esting for inference operation in FTJ-based crossbar arrays, since that does not require
many write operations - from which the wurtzite-type ferroelectrics in its current state
suffer due to the comparably low endurance and the leakage currents associated with

ferroelectric switching at high fields.

Tow-terminal domain wall conduction (DWC) devices, similar to FTJS, exhibit
memristive behaviour, i.e. intermediate analogue-like non-volatile conductivity states
are achievable. Thus, also the possible applications are very similar as for FTJs, rang-
ing from non-volatile memory to neuromoprhic applications (see above).[JZ19, SS23]
The physics behind DWC-devices however are fundamentally different: the polarization
discontinuity of two domains with different polarities can result in the accumulation
of charge carriers at the interface resulting in a charged and conductive domain wall,
similar as the 2DEG formation in HEMT devices.[EGMB20, STBS13, CSRS12| By

partial ferroelectric switching, the domain wall density and thus the conductivity of
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the ferroelectric layer can be modulated. The conductivity in such walls was demon-
strated to have metallic character[STBS13] and could potentially result in high On/Off
ratios combined with high on currents, which is an issue for F'TJs limiting its lateral
scalabilty.[WHB* 17| Furthermore, since domain-walls are almost 2D interfaces, i.e.
they expand laterally only about 1 nm, they are very suitable for heavy scaling also
from a structural point of view.[SLH*24| On the other hand, in contrast to classi-
cal FTJs, there is no specific thickness requirement which could become cumbersome
from an integration point of view. In recent years, DWC-devices based on several
ferroelectric oxides such as the perovskites were demonstrated and impressive device
characteristics such as fast access times < 10 ns and huge On/Off ratios by nearly 12
orders of magnitude were demonstrated.[MS21, SLH*24] At the moment of writing no
report on domain wall conduction in fluorite-type ferroelectrics can be found in liter-
ature. For wurtzite-type ferroelectrics, despite the fact that a direct measurement of
the domain wall conduction is still pending, we strongly suggested that domain wall
conduction plays a major role in ferroelectric Al;_ScyN (see publication 4.5 and 4.3).
The high P, of the wurtzite-type ferroelectrics and the associated high polarization
discontinuity at inclined domain walls can be expected to result in a comparably high
conductivity, as long as it can be accessed through the electrode-ferroelectric interface.
On the other hand, the wide-band gap enables in principle low off currents (i.e. the
monodomain state). This and the general properties of Al;_(ScyN such as CMOS com-
patibility in combination with the demonstrated partial in-grain switching of lowest
volumes (< 5x5x5 nm?) at a film thicknesses of 4 nm makes Al;_Sc,N an attractive

material for building DWC-devices.

26



Chapter

Experimental

In this chapter the fabrication of Al;_,Sc,N based capacitors as well as its structural
and electrical characterization methods are presented. While the exact experimental
details of the individual studies performed during this doctoral work can be found in the
respective publications (see chapter 4), a more general description is given here. This
includes the optimization of the deposition process, the substrate dependent growth
modes as well as details on wet-etching and dry-etching to structure and/or remove

the top-electrodes.

3.1 Device fabrication

In the course of this thesis, the electrode material (Pt) and adhesion layer (AIN) as
well as the ferroelectric Al Sc,N thin films were grown in-house by sputter-deposition.
As templates Si wafers oxidized with 600 nm thick SiO,, commercially bought n-
type doped (Si, doping concentration > 10'® 1/cm?) GaN /Sapphire as well as Pt(100
nm)/Ti(20 nm)/SiO4/Si provided by Fraunhofer ISIT were used. All wafers were diced
into 1x1 cm? chips and cleaned with acetone and isopropanol in an ultrasonic bath fol-
lowed by rinsing with DI-water and drying with nitrogen. These chips were then laid
on 8 inch Si carrier wafers and transferred into the sputter deposition chamber for
further film growth.

Pt as well as AIN and the Al Sc,N thin films were deposited using an Oer-
likon (now Evatec) MSQ 200 multisource magnetron sputtering system. A 20 nm
thin AIN layer served as an adhesion promoter for Pt if SiOy/Si was used as growth
template, which was deposited by performing an established sputter process from
Fichtner et al.[FRCT15] The deposition parameters for Pt are listed in table 3.1, re-
sulting in a strong (111) texture if deposited onto AIN/SiO,/Si. Interestingly, using
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the same deposition process, epitaxial Pt (highly out-of-plane 111 as well as in-plane
oriented grains) was grown when depositing directly onto epi-ready GaN /Sapphire
templates. In comparison to non-epitaxial Pt, the eptiaxial growth enables high 111
orientation also for ultrathin (12 nm) Pt films, which in turn exhibit a low surface
roughness. Epitaxial growth using sputtering is recognized in literature under the
term sputter-epitary and typically involves high growth temperatures and an ultra-
high vacuum.[HBA*10, PJST02] However, in our deposition chamber we were limited
to an only moderate base pressure and deposition temperature (=~ 3x10~7 mbar and
T = 5000C).

Table 3.1: Deposition parameters of the bottom electrode and the respective growth mode.

Power (W) Kr (sccm) T (°C) Thickness (nm) Template epitaxial growth
600 50 500 100 AIN/Si0,/Si 1o
600 50 500 12 n-GaN /Sapphire yes

Table 3.2: Optimized deposition conditions for ferroelectric Aly_«ScyN grown on the respective
template and the resulting growth mode. The deposition temperature was 450 °C
in all cases.

Ar (sccm) Ny (scem) Template epitaxial growth
7.5 15 Pt/AIN/SiO4/Si no
7.5 15 Pt/n-GaN/Sapphire yes
0 15 n-GaN /Sapphire yes

Prior to the Alj_ScyN deposition, all Pt layers which were grown using the Si
substrates (non-epitaxial growth) were cleaned by an established Ar/O,-plasma-etching
process in a Sentech S1100 reactor.[FWK™17] The Al; Sc,N thin films were deposited
by reactive pulsed direct current (DC) co-sputtering of metallic 4 inch Sc and Al
targets under pure nitrogen or under a mixture of nitrogen and argon atmosphere.
The reactive gas (Ng) interacts chemically with the (sputtered) atoms from the Al
and Sc targets. The targets were set into the poisoned state (i.e. insulating at the
surface) by performing a chamber conditioning for several hours prior to the actual
deposition and by the deposition conditions itself (i.e. nitrogen atmosphere). Pulsed
DC sputtering allows to sputter from such poisoned targets. In comparison to DC
sputtering, during the pulse-off time, may occurring charges at the targets get cleared,
which in turn prevents the formation of arcs. Furthermore, the pulsed DC mode allows
for sputtering at higher deposition rates compared to radio frequency (RF) sputtering.
The scandium concentration was varied by changing the power ratio between the Al and
the Sc target while keeping the total power constant at 1000 W. The deposition process

was optimized in terms of texture, film stress and abnormally oriented grains (AOGs
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- see below) by Fichtner et al. during his doctorate.[FRC*15, FWK™17| Further fine-
tuning of the process, i.e. increasing the temperature from 300 °C to 450 °C and fixing
the gas flow ratio to 15 sccm N2 and 7.5 sccm Ar (see table 3.2), allowed for reducing
the thickness of ferroelectric Al;_ScyN to the sub-5 nm regime. Interestingly, these
films grow with the highly c-axis oriented wurtzite-structure required for ferroelectric
switching from the very first atomic row, promising from a structural point of view
ferroelectricity even in thinner films (see chapter 4.5).

Similar as for epitaxial Pt (epi-Pt), when depositing onto epi-Pt/n-GaN /Sapphire
templates the Al (ScyN layer grows epitaxially (highly c-axes as well as in-plane ori-
ented columnar grains) without any major modification of the deposition process. How-
ever, epitaxial Al;_,ScN growth directly onto n-GaN/Sapphire was obtained only using
a pure nitrogen atmosphere during deposition. This is likely related to the deposition
process induced film stress which depends on the gas flow ratioFWLT19| in com-
bination with the Sc dependent lattice-mismatch between Alj (Sc,N and GaN (see
chapter 4.1). A lower Ar flow results in more compressively in-plane strained films
which match better the lower in-plane lattice of the GaN compared to the one of
Al SexN (z > 0.18). Contrarily, epitaxial growth of Al;_,ScyN onto epi-Pt/GaN is
likely not influenced by epitaxial strain due to the larger lattice-mismatch of Pt and
Al Sc,N . Similar as for epitaxial Pt, the degree of 0002 orientation of epitaxially
grown Al;_Sc,N improves with decreasing film thickness, while the opposite is true for

non-epitaxially grown Al;_.Sc,N thin films.
Subsequently to the deposition of the Pt top layer at 400 W and 80 sccm Kr, the

top electrodes where defined via standard lithography and structured by performing
ion beam etching (Oxford Instruments Ionfab 300). The etching was stopped as soon as
a constant Sc signal was recorded by the secondary ion mass spectrometer (SIMS) and
thus only the Pt was patterned while the side areas of the capacitor structures are not
open to the atmosphere. However, the SIMS signal is delayed and shadowing effects
result in inhomogeneities especially around the defined top-electrodes. The capacitor
structures and the respective layer stacks which were investigated mainly during the

course of this thesis are sketched in Fig. 3.1.

When the Al;_SceN film thickness approaches the 20 nm regime, it was discovered
that an in-situ capping with Pt is essential to exclude oxidation of the Al Sc,N layer
and improve the ferroelectric response (see chapter 4.4). In particular, the coercive
field of a with Pt in-situ capped 20 nm thin Aly72ScgosN film is ~ 10% lower than the
E. of an ex-situ capped film with the same thickness. This goes hand in hand with a
more pronounced switching peak when capped in-situ. For 100 nm film thickness, the

change in coercive field with respect to in-situ capping is reduced only by ~ 2% and a
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Figure 3.1: Sketch of the mainly investigated layer stacks, the capacitor structure and the elec-
trical contacting. Epitaxial growth of the bottom Pt and the Al;_ SciN layer was
obtained when depositing onto GaN /Sapphire templates, non-epitaxial growth of
the layers was obtained when depositing onto SiO5/Si templates. Large top Pt
structures at the edge of the 1x1 cm? chips are typically electrically shortened to
the bottom layer (Pt or n-doped GaN) right after deposition (thunderbolts in the
sketch) and served as electrical contact to the latter. The thickness proportions
of the sketched layers do not match the real proportions of the deposited layers.

comparable switching peak for both variants is observed.

Wet-etching of wurtzite-type materials such as Al;_ Sc,N and GaN is selective to the
polarity. In general, the etch-rate is high for Nitrogen (N)-polarity and low for Metal
(M)-polarity, thus allowing to investigate and proof the polarization reversal as already
demonstrated by Fichtner et al.[FWL*19| In the course of this thesis, H3PO, etching
experiments were performed on Au/Cr/Al;_,ScyN/n-GaN/Sapphire heterostructures
to characterize the electrically discovered as-grown multipolarity (mixed M- and N-
polarity) in Alj_(Sc,N thin films if grown directly on M-polar n-GaN /Sapphire tem-
plates. The Au(10 nm)/Cr(30nm) electrodes, which were deposited using a von Ar-
denne CS730S sputtering tool, were selectively structured via wet-etching using a KI/12
solution (Au) and TechniEtch Cr01 (Cr) solution. Thus, capacitors could be ferroelec-
trically switched by the application of an electric field with subsequent removal of
the capacitors electrode with only minor (weak etching of Al reported for TechniEtch
Cr01) structural impact on the Al;_Sc,N film beneath. Subsequent etching in 85%
H3PO,4 at 80 °C allowed for the investigation of the polarity in the capacitors region in

comparison to the surrounding as-grown state of the Al;_Sc,N layer.
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3.2 Methods for electrical and structural Al;_SciN thin

film characterization

In this chapter a short overview of the characterization methods used in the course of
this doctoral thesis is given. This chapter is not meant to give a detailed description
of the working principle of each device and method. Instead, a general overview of
ferroelectric Alj_ ScyN thin film characterization is given with special focus on the
faced peculiarities and difficulties.

For recording the J — E as well as the P — E loops (see chapter 2.1) of the fer-
roelectric capacitors an aixACCT TF Analyzer 2000 with a maximum measurement
frequency of 5 kHz as well as an aixACCT TF Analyzer 3000 which a maximum mea-
surement frequency of 100 kHz were used. In general, due to the ferroelectric switching
of Al;_SciN at comparably high electric fields leakage currents are contributing to the
ferroelectric displacement currents. To clearly distinguish leakage from ferroelectric
switching and thus to gain more insights into the switching process, it is useful to
measure at the highest possible frequency. This lowers the current ratio between the
frequency (f) independent leakage current and the f dependent ferroelectric displace-
ment current, as the latter is increasing with increasing f. The correction methods
DLCC and PUND for subtracting non-hysteretic leakage currents still present at higher
f are described in detail in section 2.1 and allow in principle to determine the ferro-
electric key properties such as the remanent polarization. However, in Al;_ Sc,N thin
films hysteretic leakage currents are appearing as well upon ferroelectric switching (see
chapter 4.5). This currents are f independent and likely related to domain wall conduc-
tion upon ferroelectric switching. Thus, although correcting for non-hysteretic leakage
using PUND, with decreasing measurement frequency the apparent remanent polar-
ization increases to physically unrealistic values above 10000 pC'/em (for 100 nm film
thickness below 10 Hz - see chapter 5).

In general, the leakage currents increase with decreasing film thickness. Therefore,
especially for the characterization of ultrathin Al;_Sc,N films it is helpful to record ad-
ditionally € — E loops (see chapter 2.1 for a detailed description). While the remanent
polarization can’t be extracted from ¢ — E loops, it gives insights into the ferroelectric
switching process and allows for an accurate determination of E. (quasi-DC). In the
course of this thesis, a Hewlett Packard 4284 A Precision LCR meter was used, which
allows to measure not only the capacitance, but also the electrical losses. The contri-
bution of leakage currents are typically not visible in ¢ — E loops. However, artefacts
and noise starts to appear if the resistivity approaches 1 kOhm, which is the case for

e.g. 4 nm thin Al;_Sc,N films at fields close to E.. A high small signal measurement
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frequency (between 100 kHz and 1 MHz) as well as a low small signal field amplitude
(100 mV) are beneficial in terms of low noise and the capacitors resistance against elec-
trical breakdown. Furthermore, as the film thickness decreases, the capacitors lateral
dimensions were chosen to be close or smaller than 10 x 10 pm? to ensure electrical
stability at high fields. This allowed to record very clear butterfly-shaped hysteresis

loops also for sub-5 nm thin ferroelectric Aly ScyN films (see chapter 4.5).

Leakage currents were investigated by performing quasi-static J — F measurements
using a Keithley 6487 Picoammeter/Voltage Source. Here, similar as when recording
e — E loops (see chapter 2.1), the field is increased stepwise with a delay of at least
100 ms in between each step. During the delay time the transient currents (e.g. i.)
have time to disappear and afterwards solely the steady-state leakage current is mea-
sured. Despite the long sweep time due to the delay, ferroelectric switching peaks were
observed also in such quasi-static measurements. Similar as for the P — E measure-
ments at low f (see above), the clear appearance of switching peaks and the associated
unrealistic high P, values are likely related to domain wall conduction upon ferroelec-
tric switching. This is supported by leakage current measurements with fields up to
a maximum of F./2 (minor loops - without contributions from ferrolectric switching)
in dependence of the prior polarization state of the films (see chapter 5). A high re-
sistance state (HRS) is observed in the fully N-polar film (zero domain walls). Upon
partially switching of the polarization, this transforms gradually (several intermedi-
ate conduction states corresponding to the respective domain wall densities) into a
low resistance state (highest domain wall density). Further partial switching towards

M-polarity results in an analog-like increase of resistivity until reaching the HRS again.

Structurally, the sputtered Al;_Sc,N thin films as well as the electrode materials are
polycrystalline, yet they grow typically with preferred orientation, i.e. they are textured
- see Fig. 3.2. To which crystallographic direction with respect to the substrates normal
and to what extend the grains are aligned, is typically investigated by performing
XRD measurements. In the course of this thesis, a Rigaku SmartLab diffractometer (9
kW, CuKa = 1.5406 A, Hypix detector) as well as a Seifert XRD 3000 PTS using a
monochromatic Ko radiation was used. By performing 620 and w scans the out-of-plane
texture of the respective films can be investigated. For out-of-plane ferroelectricity, i.e.
applying the electric field along the growth direction, an 0002 oriented growth of the
Aly_ScxN thin films is required (c-plane oriented). The out-of-plane mosaicity, meaning
the degree of tilt of the individually c-axes aligned columnar grains (see Fig. 3.2a), was
investigated by performing rocking curve measurements (w scans) of the 0002 reflection.
The corresponding full-width at half-maximum (FWHM) was in between ~ 0.3 (for

epitaxially grown films) and 4° (for films grown using silicon substrates).
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a) b)

PR
C

Figure 3.2: a) Sketched cross-section of columnar grains (top) - the crystallographic orienta-
tion of the individual grains is indicated by the arrows. Scanning transmission
electron microscopy cross-section of 300 nm thin Alg79Scg.2sN grown on GaN
(bottom) - the columnar grains are highlighted by dotted lines. b) Sketched to-
pography of columnar grains (top) and their potential individual in-plane rotation
as indicated by the arrow. Scanning electron microscope image of the surface of
a 300 nm thin Al 72ScoesN film grown on GaN (bottom) revealing the grain
structure as well as the occurrence of abnormally oriented grains (white circle).
Adapted from [SPIT22] John Wiley & Sons. (C) 2022 The Authors. Advanced
Functional Materials published by Wiley-VCH GmbH.

The in-plane mosaicity of the c-axes oriented Al;_ Sc,N thin films was investigated
by performing ¢-scans of an in-plane reflection. For epitaxially grown films, six reflec-
tions corresponding to a six-fold symmetry are evident, meaning that the grains are
in-plane oriented with respect to each other. The FWHM of such a reflection repre-
sents the degree of in-plane tilt between the individual columnar grains (see Fig. 3.2b).
Contrarily, the grains of non-epitaxially grown films are randomly in-plane oriented,

resulting in a constant signal while measuring an in-plane ¢-scan.

The averaged lattice-parameters of the thin films were determined by in-plane as
well as out-of-plane XRD scans. In the case of out-of-plane scans, for in-house sputtered
Al SciN thin films with highest crystalline quality, reasonable signals were obtained
down to =~ 10 nm film thickness using a 9 kW radiation source. The in-plane scans, in
which the beam hits the films surface at a very low angle, allow in principle to determine
the in-plane lattice-parameter also of ultrathin films below 10 nm film thickness as well
as they allow to obtain depth-dependent information by varying the incident angle.
However, surface effects such as oxidation can have an impact on the surface near
lattice-parameters which may differ from the bulk lattice parameter of the film. Further

structural characterization was performed by recording reciprocal space maps and pole
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figures. This allows the determination of all lattice-parameters, as well as it gives
insights into the strain state and the in-plane relationship of the film with respect to

the template in the case of epitaxial growth.

X-ray reflectometry (XRR) measurements allow in principle to determine the exact
thickness of a thin film and were carried out to determine the thickness of the Pt
electrode. However, the determination of the Al;_Sc,N thin film thickness using XRR
is challenging. Films which were not capped in-situ are prone to oxidation, which may
alters the total thickness especially of ultrathin films and complicates the spectra due
to the presence of the signal from the oxidation layer. An in-situ capping with e.g. Pt
right after the Al ScyN deposition prevents oxidation, but comes with the downside
of introducing a new material which is reflected in the spectra. In the case of Pt, the
signal is much higher compared to the Al;_ Sc,N signal and complicates the separation

from it.

The microstructure and topography of the Al;_,Sc,N layer was investigated using
a scanning electron microscope (SEM, Zeiss GeminiSEM). This allows to estimate the
grain size as well as to identify non-oriented protruding grains which are often called
abnormally oriented grains (AOG) in literature - see Fig. 3.2b.[SPM*18] Additionally,
the scandium concentration was determined by SEM energy dispersive X-ray spec-
troscopy (EDS, Oxford x-act). Interestingly, while determining the Sc concentration
of Al;_4ScyN thin films grown directly on n-doped GaN, a charging of the surface was
observed. This in turn led to a scattering of the electron beam towards the sample
holder. In our case the sample holder is made up of Al and contributed therefore to
the measured overall Al signal. Thus, the measured Sc content relative to Al was not
reflecting the Sc concentration of the Al;_ Sc,N thin film. This effect was prevented
by capping the sample with a conductive metal such as Cu or Au and by tilting the
sample further towards the EDS detector.

Transmission electron microscopy (TEM) is a sophisticated and diverse method
to explore thin films down to the atomic level. In the course of this thesis, a Tec-
nai F30 typically operated in high-resolution mode (HRTEM) and lately also a JEOL
(JEM200F) NEOARM typically operated in scanning mode (STEM) was used. Both
devices were used to investigate the grain-like growth of sputtered Al Sc,N (see
Fig.3.2a), the interface roughness, the may occurrence of Sc segregation (which in
our case was never observed), the local crystallographic properties such as lattice-
parameters as well as the elemental distribution using EDS. TEM appeared also to be
an adequate technique to determine the exact thickness especially of ultrathin films (<
10 nm thickness). Epitaxial strain could be determined locally by recording scanning

nano-beam diffraction maps revealing the in-plane and out-of-plane strain propagation
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in thickness direction (see chapter 4.1). Furthermore, the high crystal quality of epi-
taxial Al Sc,N thin films allowed to visualize the projection of the atoms in depth
direction of the investigated cross-sections. This approach combined with the capabil-
ities of the NEOARM STEM operated by dedicated experts enabled to determine the
polarity as well as to identify and investigate for the first time polarization domains

and their role in ferroelectric switching of Al;_Sc,N .
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Publications

Ferroelectricity in Al;_Sc,N was discovered one year before the beginning of this doc-
toral thesis in 2020. Thus, at that time, there was not much knowledge on the thickness
scalability, the appearing leakage currents at high electric fields, the temperature stabil-
ity as well as the compatibility to other electrode materials than Mo and Pt available.
However, all of these characteristics and properties are essential not only to gain a fun-
damental understanding of the material and its polarization inversion process but also
to identify possible applications in terms of devices. A high cell density and a low power
operation in competitive non-volatile memory or neuromorphic devices require low film
thicknesses to reduce the operating voltage as well as small lateral dimensions. This
fact is especially true considering the integration into Si-based advanced integrated
circuits (ICs), where the switching voltage should match the on-chip voltage supply
of about 1 V. On the other hand, the structural compatibility of Al;_Sc,N to III-N
technology promises the integration of ferroelectric functionality into all-wurtzite-type
ITI-N devices such as HEMTs. The five own publications included below address many
of these aspects and reflect the most significant studies which were carried out during
this doctoral thesis. In the following, a short summary of these publications and their
relevance with respect to potential devices is given.

In the first publication, the feasibility of epitaxial growth of ferroelectric Al;_Sc,N in
general as well as the integration onto the structurally compatible GaN /Sapphire tem-
plates was investigated. This not only resulted in the first demonstration of ferroelectric
switching in sputtered-deposited Al Sc,N grown on n-doped GaN but also allowed
to investigate the impact of epitaxy and structural quality on the electrical properties.
Interestingly and contrary to classical ferroelectrics, the leakage current, the coercive
field and the remanent polarization is similar as for non-epitaxially grown films. How-
ever, a thickness and Sc content dependent epitaxial strain was identified, allowing to

investigate the impact of epitaxial in-plane strain on the coercive field. Furthermore,
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the formation of a depletion region in the semiconducting GaN was linked to the pe-
culiarities observed in the electrical response in the form of ferroelectric displacement
current peak splitting and broadening at negative electric fields. Furthermore, the as-
deposited polarity of Al; (ScyN was determined to be pinned to the metal (M)-polarity
of the underlying GaN template with a subsequent transition to nitrogen (N)-polarity
(> 30 nm in growth direction). The polarity determines the polarization discontinuity
and thus the functionality of III-N heterostructures, which can in principle be tuned
by ferroelectric switching. On the other hand, the polarity is also of concern in terms

of industrial integration, as wet-etching is highly selective to the polarity in Al;_,Sc,N .

In the second publication, epitaxial Pt was introduced as an intermediate layer
into the Al ScyN /GaN heterostructures. This resulted in an epitaxial growth of
Aly_SceN while suppressing epitaxial strain, in a reduction of the leakage currents as
well as in a fully N-polar as-deposited state. Furthermore, in comparison to Al;_Sc,N
grown directly onto GaN, uniform ferroelectric displacement current peaks appeared
due to the metallic nature of the bottom electrode. Detailed structural characteriza-
tions were performed revealing improvements in surface roughness and crystal quality
when decreasing the epitaxial Pt film thickness. Furthermore, a correlation between
these properties and the leakage currents appearing in the ferroelectric layer was iden-
tified. A comparison to Pt grown non-epitaxially on SiO,/Si templates was performed,

revealing opposite trends due to the different growth mode.

In the third publication ferroelectric switching in MOCVD-grown Algg5Sco 15N is
demonstrated and studied for the first time. The feasibility of growing ferroelectric
Al Sc,N via MOCVD represents a big step towards its integration into III-N tech-
nology, as MOCVD is the standard growth method for III-N heterostructures. The
single crystalline nature of the film and the high interface quality promises to use
Al Sc.N not only to act as a functional layer due to ferroelectricity, but also to act
directly as barrier layer required e.g. for building up a 2DEG in HEMTs. Additionally,
the single crystal quality allowed for sophisticated STEM investigations which revealed
the large-scale polarization domain pattern in Al;_Sc,N . Electrically the films exhibit
a wake-up like behaviour in the form of huge hysteretic currents appearing in the
first cycles, which is likely related to the observed inclined (and thus in principle con-
ductive) domain walls. After initial cycling, the electrical response including leakage
currents, coercive field and remanent polarization is comparable to sputter-deposited
as well as via molecular beam epitaxy (MBE) grown ferroelectric Aly (Sc,N . Similar
as for the study on sputter-deposited Al;_.Sc,N on GaN, the as-deposited polarity is
pinned to the M-polarity of the underlying GaN. Furthermore, this pinning resulted

in a non-switching M-polar volume fraction close to the GaN interface and is focus of
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ongoing studies. To summarize, the first three publications form a comprehensive base
for the integration of ferroelectric Al Sc,N into III-N-based devices as well as they
address fundamental questions related to the ferroelectric switching phenomena in the
wurtzite-type materials.

The last two publications address the thickness scalability of ferroelectric Al;_ Sc,N .
Firstly, due to the much better texture and lower interface roughness, epitaxial
Alp 79S¢.28N grown on epi-ready Pt/GaN /Sapphire templates was considered to be su-
perior to ultrathin Aly75ScgosN films grown non-epitaxially on Pt/SiO,/Si templates
in terms of thickness scalability. Thus, in the fourth publication, ferroelectricity in
epitaxial Aly72Scp.2sN down to 10 nm film thickness is demonstrated and surprisingly
only a minor dependence of the coercive field on the film thickness was identified.
This behaviour is discussed in detail and compared to classical models which predict a
strong thickness dependence. Later, it was recognized that the epitaxial growth using
sapphire substrates results in higher coercive fields compared to films grown using sili-
con substrates due to an unfavourable thermal expansion coefficient mismatch. Thus,
despite the comparably lower crystal quality and interface roughness when using Si
substrates, the higher coercive field to breakdown field ratio allowed for clear ferroelec-
tric switching of 4 nm thin non-epitaxially grown Al 74Scg 6N films, which is studied
in detail in the fifth publication. Interestingly, the coercive field decreased below 10 nm
film thickness and allowed for polarization switching at voltages as low as 1 V, which
is already in the range of the on-chip voltage supply of advanced ICs. Furthermore,

3 is resolved atomically

stable partial switching of volumes as low as 5 x 5 x 5 nm
via STEM. The in this context visualized inclined (significant horizontal component)
domain wall hints towards the appearance of domain wall conduction in ferroelectric
Al ScyN , which is supported by electrical measurements. In terms of future devices,
the results of the last two publications demonstrate the excellent thickness scalability
and potential multi-level operation of ultralow volumes as well as the compatibility to
advanced ICs. Furthermore, the suggested domain wall conduction in Al;_Sc,N paves
the way towards memristive devices suitable for memory as well as for neuromorphic

applications.
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4.1 From Fully Strained to Relaxed: Epitaxial Ferro-
electric Aly_xScyN for III-N Technology

Own contributions

Design of Experiment

Data analysis & interpretation

Sample fabrication

Electrical characterization

Etching experiments

e SEM investigations

Structural characterization (partly)
e Manuscript preparation

Reprinted with permission from John Wiley & Sons. (C) 2022 The Authors. Ad-
vanced Functional Materials published by Wiley-VCH GmbH.
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From Fully Strained to Relaxed: Epitaxial Ferroelectric

Al,_,Sc,N for I1I-N Technology

Georg Schénweger,* Adrian Petraru, Md Redwanul Islam, Niklas Wolff,
Benedikt Haas, Adnan Hammud, Christoph Koch, Lorenz Kienle,

Hermann Kohlstedt, and Simon Fichtner*

The recent emergence of wurtzite-type nitride ferroelectrics such as Al;_,Sc,N
has paved the way for the introduction of all-epitaxial, all-wurtzite-type fer-
roelectric I1-N semiconductor heterostructures. This paper presents the first
in-depth structural and electrical characterization of such an epitaxial hetero-
structure by investigating sputter deposited Al,_,Sc,N solid solutions with x
between 0.19 and 0.28 grown over doped n-GaN. The results of detailed struc-
tural investigations on the strain state and the initial unit-cell polarity with the
peculiarities observed in the ferroelectric response are correlated. Among these,
a Sc-content dependent splitting of the ferroelectric displacement current into
separate peaks, which can be correlated with the presence of multiple strain
states in the Al,_,Sc,N films is discussed. Unlike in previously reported studies
on ferroelectric Al;_,Sc,N, all films thicker than 30 nm grown on the metal (M)-
polar GaN template feature an initial multidomain state. The results support
that regions with opposed polarities in as-grown films do not result as a direct
consequence of the in-plane strain distribution, but are rather mediated by the
competition between M-polar epitaxial growth on an M-polar template and a
deposition process that favors nitrogen (N)-polar growth.

(LEDs).>*# Current research focuses on
extending these applications—next to the
trend to expand beyond what are mainly
discrete devices to fully integrated III-N
solutions, either by integrating, e.g., GaN
on CMOS or by developing fully GaN-based
complementary circuits.’”) As the base tech-
nology has thus reached a high maturity,
further innovation will require the integra-
tion of new compounds with increased func-
tionality. Due to the predominance of the
wurtzite-type structure in III-N compounds,
its inherent spontaneous polarization is a
crucial factor for core applications such as
high electron mobility transistors (HEMTS)
or LEDs.®?l Consequently, increased flex-
ibility or even reconfigurability of the polari-
zation direction will enable powerful new
approaches for the continued development
of III-N technology. This reconfigurability
can readily be obtained through ferroelec-
tricity, which becomes accessible since the
formation of III-N based solid solutions such

1. Introduction

Wide and tunable bandgaps, high electron mobility, good break-
down resistance, high thermal stability as well as advanced epi-
taxial deposition techniques have made the III-N compounds and
their heterostructures one of the most successful semiconductor
classes.! Commercial applications are wide ranging from radio
frequency (RF) and power electronics to light emitting diodes

as Al Sc,N lead to a flattening of the wurtzite-type energy land-
scape.!®U Structurally, this increases the a/c-lattice parameter ratio
as well as the internal parameter u (the distance from a metal to
a nitrogen atom relative to the c-lattice parameter). Energetically,
it will result in a lowering of the energy barrier between the two
stable polarization states (metal (M)- and nitrogen (N)-polar, see
Figure 1), until ferroelectric switching becomes possible by locally
transitioning through the intermediate layered hexagonal structure.

G. Schénweger, A. Petraru, H. Kohlstedt

Institute of Electrical and Information Engineering
Kiel University

Kaiserstr. 2, D-24143 Kiel, Germany

E-mail: gmsc@tf.uni-kiel.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202109632.

© 2022 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002 /adfm.202109632

Adv. Funct. Mater. 2022, 2109632 2109632 (10f11)

M. R. Islam, N. Wolff, L. Kienle, S. Fichtner
Institute for Material Science

Kiel University

Kaiserstr. 2, D-24143 Kiel, Germany

E-mail: simon.fichtner@isit.fraunhofer.de

B. Haas, C. Koch

Institute of Physics & IRIS Adlershof
Humboldt-Universitit zu Berlin

Newtonstr. 15, D-12489 Berlin, Germany

A. Hammud

Department of Inorganic Chemistry
Fritz-Haber Institute of the Max-Planck Society
Faradayweg 4-6, D-14195 Berlin, Germany

S. Fichtner

Fraunhofer Institute for Silicon Technology (ISIT)
Fraunhoferstr. 1, D-25524 Itzehoe, Germany

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

41



Chapter 4. Publications

ADVANCED
SCIENCE NEWS

Z
@)
—
)
Z
>

MATERIALS

www.advancedsciencenews.com

layered

N-polar hexagonal M-polar
o~ Lo o= } .
- o™ —=P-eT . —f_«f}g‘
p| * -4 ur"é) < pl org’ ~
I SSPPA A (CN B | B

Figure 1. The two stable polarization (P) states in ferroelectric Al;,Sc,N
and the intermediate layered hexagonal structure. Black dots depict
nitrogen atoms, grey dots depict Al/Sc atoms.

Therefore, with the advent of wurtzite-type ferroelectrics
such as Al Sc, N and Al;,B,N a clear pathway toward a tunable
polarization in chemically and structurally matched III-N based
material systems has emerged.l'>"] The key toward realizing
such all-epitaxial, all-wurtzite-type ferroelectric/semiconductor
heterostructures is in the thorough understanding of their
structural as well as electrical properties to allow their knowl-
edge driven engineering. Here, we present a detailed study of
these properties for Al;,Sc,N films with Sc contents of 19, 24,
and 28 at% relative to the total amount of metal atoms (x = 0.19,
0.24, 0.28) deposited by sputter epitaxy on doped n-GaN/sap-
phire substrates. In addition to the recently demonstrated fer-
roelectric switching of epitaxial Al Sc,N deposited on GaN by
molecular beam epitaxy, our study reveals that the interplay
between the growth template and the structural properties of
the film can lead to previously unknown peculiarities in the
ferroelectric response of the Al Sc, N film which will play a
crucial role in understanding the behavior of the spontaneous
polarization in epitaxial wurtzite-type ferroelectric/semicon-
ductor heterostructures.

This paper is structured into three sections, starting with a
detailed structural characterization of our films using sophisticated
techniques of X-ray diffraction (XRD) and dedicated scanning
transmission electron microscopy (STEM), followed by the char-
acterization of the ferroelectric response and finally an in-depth
analysis of the initial polarization domain state of the samples.

The first section includes reciprocal space mappings (RSM)
to confirm phase purity and epitaxial relationships, (a)sym-
metric XRD scans to deduce the Al Sc,N lattice parameters in
dependence of Sc content and films thickness as well as com-
plementary scanning nano-beam electron diffraction (NBED)
maps of the strain distribution to illustrate the evolution of film
strain at close to nm-resolution. Section 2 details the overall fer-
roelectric response of the films via polarization/displacement-
current measurements in dependence on the electric field.
Measurements are compared for the three different Sc con-
tents and film thicknesses between 30 and 300 nm. The results
are discussed on the basis of the microstructure as presented
in Section 1. Finally, the as-deposited polarity of the Al Sc,N
films is revealed to be strongly influenced by the interplay
between the M-polar GaN template and a deposition process
promoting N-polar films. The existence of horizontal inver-
sion domain boundaries in Aly7,Scy,sN films with thick-
nesses above 30—40 nm is suggested by unipolar ferroelectric
switching experiments and is supported by atomically resolved
STEM to image the structure polarity in as-deposited, vertically
separated regions of the film as well as by etching experiments.

Adv. Funct. Mater. 2022, 2109632 2109632 (2 of 11)
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2. Structural Characterization

Complementary structural characterization methods were
employed to elucidate whether and to what degree the depos-
ited Al Sc,N films are grown epitaxially on GaN templates
and to what extent the GaN interface influences the local and
average strain and orientation of the thin film—which could
ultimately have a significant impact on the ferroelectric proper-
ties of the film. To investigate the quality of epitaxial growth,
wide-range RSM of Al Sc,N/GaN/AlL,O; heterostructures have
been recorded on a laboratory-based diffractometer. Alj7,Scy 3N
films with thicknesses ranging from 10 up to 300 nm as well as
100 nm thick Al Sc,N films with Sc contents of 19 and 24 at%
were analyzed to understand the in-plane epitaxial strain dis-
tribution, whose analysis is complemented by scanning NBED
derived strain maps of the 300 nm thick Aly-,Scg N film.

RSM provide a 2-dimensional representation of the k-space
revealing the crystallographic relations of the Al ,Sc,N films
to those of the underlying buffer layer and substrate. A wide-
range RSM of a 300 nm thick Aly;,Scy,sN film, representative
for our heterostructures, is shown in Figure 2.

All present reflections were identified and attributed to the
Aly7,S¢osN thin film (marked in yellow), the GaN buffer layer
(marked in black), and the Al,O; substrate (marked in red).
Thus, we identify one crystallographic phase in our Al Sc,N
films, which is the polar wurtzite-type phase (space group 186,
P63mc) responsible for the ferroelectricity of the material. The
films have been grown epitaxially on the underlying 4 um thick
doped n-GaN template, with no significant contribution from
randomly oriented volume. They have thus the same crystallo-
graphic orientation as the GaN films, with the c-axis pointing
out-of-plane and parallel hexagonal (0001) basal planes.

The in-plane epitaxial relationship between Al,0;, GaN, and
Aly7,Sco N is also revealed by the pole figure measurement
presented in Figure 3, showing almost coinciding 01-13 reflec-
tion intensities.

Thus, the epitaxial relationship between film and template is
as expected: [1-100](0001)Al;Sc,N || [1-100](0001)GaN. The in-
plane relation of the lattice orientation of GaN and sapphire
is [1-100](0001)GaN || [11-20](0001)Al,0;, meaning a 30° in-
plane rotation of the GaN with respect to the Al,O;, as visible
in the pole figure and reported also in literature.'” In addition
to the low resolution wide-range RSM, high-resolution data
was obtained to determine the lattice parameters of the films
more accurately and draw conclusions on their strain state. The
c-lattice parameter of the Al Sc,N films could be obtained for
film thicknesses down to 20 nm from the high-resolution spec-
ular scans using a two-bounce monochromator. For a-lattice
parameter determination down to 30 nm film thickness, high-
resolution asymmetric scans of non-specular 10-15, as well as
—1013 reflections, were recorded. The in-plane rotation of the
columnar grains with respect to each other was analyzed by
high-resolution in-plane rocking curve (RC) scans using a two-
bounce monochromator. We would like to mention here that
the symmetric and asymmetric scans represent an average over
the whole film thickness. Thus, the obtained lattice-parameters
for films with epitaxially strained- as well as relaxed regions
reflect an average of the present strain states. The in-plane RC
measurements were performed at an incidence angle of about

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Wide-range RSM of the Aly7,5cy,5N (300 nm)/n-GaN/Al,Os(substrate) heterostructures. The intensities corresponding to Al,O;, GaN, and
Alg7,S¢o 5N are denoted respectively in red, black, and yellow. All non-labeled spots correspond to Cu K-beta (k) reflections.

0.3°, making them surface sensitive. Therefore, in this par-
ticular case, only a thin, surface near region was analyzed.

In Figure 4a, the evolution of the a-lattice parameter of 100 nm
thick Al;,Sc,N is depicted for different Sc concentrations. With
decreasing Sc content, the a-lattice parameter of Al;,Sc,N is
decreasing and approaches the a-lattice parameter of GaN at 19 at%
Sc. This decrease of the a-lattice parameter is expected due to the
difference in preferred coordination and atomic radii between
Al and Sc atoms, which is known to lead to a diminution of the
wurtzite basal plane.'> For epitaxial systems, a smaller a-lattice
misfit between the film and the substrate leads to a higher critical
thickness, meaning the transition from a fully strained epitaxial to a
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Figure3. Pole figure ofthe 01-13 reflections from Alg 7,S¢o ,sN (300 nm) /n-
GaN/Al,O;(substrate) heterostructures.
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relaxed film shifts to a higher thickness. Thus, when decreasing the
Sc content starting from 28 at%, the critical thickness is expected
to increase until being infinite at 18 at% Sc due to lattice-matching
with the GaN.['l Hence, for a 100 nm thick film at 19 at% Sc, a
uniform lattice without a significant strain gradient is expected. To
study the in-plane strain state of the nearly lattice-matched film in
more detail, a high-resolution RSM of the 10-15 reflections was
recorded for 100 nm thick Alyg;Scy 19N, as shown in Figure 4b. Both
the 10-15 Al g;Sco 10N and the 10-15 GaN reflections are distributed
almost congruently on (¢,/q,) space with their maxima located at
identical g, position, which also confirms that the Alyg;Scy 9N is
in-plane lattice-matched to the GaN template.

A minor increase in the c-lattice parameter is observed while
increasing the Sc content, as illustrated in Figure 4a. In relaxed
films deposited on Si, an increase of the c-lattice parameter with
lower Sc concentration was observed.[) In the present case, the
c-lattice parameter changes also due to elastic deformation of
the unit cell imposed by the epitaxial strain which superim-
poses the change of the c-lattice parameter due to Sc variation.

Structural analysis of a thickness series of non-lattice-
matched Aly7,ScygN films allows us to understand the strain
relaxation in more detail. In this context, Figure 4c illustrates
the a- and c-lattice parameter variation in dependence of the
Aly7,S¢o N film thickness. When reducing the film thickness,
the a-lattice parameter is observed to be decreased until being
close to be lattice-matched with the in-plane lattice of the GaN
template. Thus, below =50 nm, Alj;,Sc 5N films appear to be
fully strained to the GaN template. Between 40 and 100 nm, a
steep increase of a-lattice parameter is observed, followed by
a more constant plateau above 100 nm film thickness. There-
fore, in-plane lattice relaxation occurs within a thickness range
between 40 nm and 100 nm for 28 at% Sc. Using an energy

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Evolution of a- and c-lattice parameters of 100 nm thick Al,Sc,N in dependence of Sc content. b) High-resolution reciprocal space mapping
of Algg1Sco 19N 10-15 reflection. c) a- (black) and c-lattice parameter (red) of Aly7,Scq 23N films in dependence of film thickness. d) The corresponding
FWHM of the 0002 RC (out-of-plane) and FWHM of the 10-10 RC (in-plane). For comparison the measured a-lattice parameter, as well as the measured
FWHM of the 10-10 RC (in-plane) of the GaN, is illustrated as a solid black line in (a), (c), and (d), respectively. For lattice parameter determination

we estimate an error of 1 pm.

balance model, the critical thickness for Al;,Sc,N/GaN hetero-
structures was previously calculated to be =70 nm for 28 at%
Sc.l'®l Considering an estimated error for Scandium concen-
tration determination in our films of 2 at%, this is in good
agreement with the experimentally found critical thickness of
~40 nm. By plotting the full-width at half maximum (FWHM)
of the in-plane and out-of-plane rocking curves over the film
thickness, as depicted in Figure 4d, a clear step is observed
between 50 and 100 nm, thus providing yet more support that
the transition from a fully strained to a partially relaxed lattice
occurs at around 50 nm film thickness. At this particular thick-
ness, the FWHMs of the rocking curves measured for in- and
out-of-plane configurations change by 10% and 400%, respec-
tively. Hence, a fully strained thin film below this transition
regime exhibits an improved in-plane and out-of-plane align-
ment (tilt) of its nanoscale columnar grains. Noticeably, the
in-plane mosaicity of our sputtered films is comparable to the
GaN template itself with its in-plane FWHM of the rocking
curve of 0.28°.

To complement the XRD measurements, we employed
STEM imaging in combination with scanning NBED to resolve
the local strain evolution with close to nm resolution on a
300 nm thick Al)7,Scy,sN film. STEM and electron diffrac-
tion (not shown) investigations confirm the results obtained
by XRD on the epitaxial growth of the Al ,Sc,N films. As
has to be expected from a sputtered film deposited at compa-
rably low temperatures, the films do not form a single crystal
but rather adjacent columnar grains with diameters in the
range of < 10 nm in the nucleation zone expanding to about
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20 nm at the top of the film (see Figure 5a). Despite epitaxial
growth conditions providing a rigid in-plane orientation with
sixfold symmetry, STEM imaging reveals that the individual
columnar grains are presumably randomly in-plane rotated
with respect to each other by about 20-30 mrad—as it is also
apparent through the finite mosaicity of the films depicted in
Figure 4d.

The powerful combination of STEM providing atomic reso-
lution information and scanning NBED offering precise struc-
tural information was applied to the material system. From the
nano-beam diffraction data, both in-plane (&) and out-of-plane
(&,,) components of the strain matrix were calculated to deter-
mine the internal strain distribution from the interface toward
the surface, including the related critical thickness for the film
to relax from its fully strained state.

A cross-sectional view onto the Aly7,Sc) 26N (300 nm)/n-GaN
layer structure is displayed in the annular bright-field (ABF)
STEM image of Figure 5a and shows the aforementioned
columnar character of the Aly7,Scy 5N film and extended ver-
tical defects within the GaN buffer layer, which likely originate
from the heavy doping of the n-GaN or its growth conditions on
the sapphire substrate. The GaN polarity was determined to be
M-polar at all examined positions left, right and in between the
defects as indicated in the inset showing a high-resolution ABF
STEM micrograph of the atomic structure of GaN.

Figure 5b displays a virtual dark-field (VDF) image of the
scanning NBED experiment and the corresponding quantified
strain maps and averaged profiles of the in-plane and out-of-
plane components, both showing the local strain distribution
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Figure 5. a) ABF STEM overview image of the Alg7,Sco,3N/n-GaN layers showing the columnar grain structure within the Aly7,Scq 3N film and
extended defects in the GaN single crystalline template. The inset shows an atomic resolution ABF STEM image of GaN and verifies its M-polar ori-
entation (green: Ga atoms, yellow: N atoms). b) Virtual dark-field (VDF) image of the scanning NBED experiment and strain maps of the &, and &,

strain components calculated in reference to the GaN template for the Alg7,Sco N film.

probed across the entire 300 nm Aly7,Scy N film in refer-
ence to the GaN buffer layer. The experimental resolution of
about 5 nm limited the accuracy in determining the position
of the interface to £5 nm which was placed at the onset of
rising material contrast in the VDF image. The in-plane strain
component was calculated from the array of [11-20] diffraction
patterns describing the distance between the (01-10) planes.
From the bulk of the GaN (zero strain, reference), the strain
value is observed to monotonously increase when approaching
the interface, forming a small plateau of =0.2% strain. On the
Aly7,Sco 8N side of the interface, the in-plane strain distribu-
tion forms a plateau within the first =30 nm with an average
of 0.2% strain. With increasing thickness, the average strain
distribution continues to increase slowly over a range of
~80 nm up to 1.2%, where a second plateau starts to appear
up to a thickness of =250 nm. This plateau at 1.2% strain cor-
responds to an a-lattice parameter of 3.22 A (considering the
measured a-lattice parameter of the GaN bulk corresponding
to zero strain), which is in good agreement with the measured
a-lattice parameter of 3.23 A for 300 nm thick Aly,Scy,sN
via asymmetric XRD scans, whereas the latter represents an
a-lattice parameter averaged over the whole thickness. Further
relaxation to a value of 1.5% strain takes place within a range of
=50 nm below the surface. Even higher values of strain beyond
the surface are regarded as artifacts. The observed slow strain
relaxation behavior of the in-plane lattice is in strong contrast
to the rapid relaxation of the non-clamped c-lattice parameter,
which tends to be fully relaxed after the first =50 nm from the
interface.

In summary, all our Al Sc, N films can be expected to
contain a fully strained region close to their n-GaN interface
(Figure 5). The extent of this fully strained region is expected
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to decrease with increasing film thickness—so that for 300 nm
it is considerably lower than the critical thickness of =40 nm
which was determined via XRD measurements. The latter also
reveals that films thinner than ~40 nm are fully strained to the
GaN substrate over their entire thickness.

3. Electrical Characterization

The foremost goal of the electrical characterization of our sam-
ples was to determine if they are ferroelectric and how their fer-
roelectricity compares to those films deposited on the common
polycrystalline metal interfaces.'>] Displacement current
density measurements in dependence of the electric field (J-E
measurements) are at the core of ferroelectric characterization
and were performed on capacitors with different Aly;,Scy,sN
film thicknesses as well as different Sc concentrations with a
constant thickness of 100 nm. If not stated otherwise, the con-
tacted pad size was 50 x 50 um? and the measurement fre-
quency 1.5 kHz.

Figure 6a shows J-E and polarization over the electric field
(P-E) loops to demonstrate clear ferroelectric switching for a
300 nm thick epitaxial Alj;,ScysN film deposited on doped
n-GaN.

Additionally, ferroelectric switching is confirmed by strain
over electric field measurements depicted in Figure 6b as
well as capacitance over electric field measurements depicted
in Figure S1 (Supporting Information). Leakage currents start
to appear around E, similar to what is seen for highly tex-
tured non-epitaxial films on Pt/Si.") To separate leakage from
switching current, we make use of dynamic leakage current
compensation (DLCC).["¥! Especially in thin Al Sc,N films, the
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Figure 6. a) J-E and P-E loop for 300 nm thick Aly7,Sco2sN on n-GaN measured on a 100 x 100 um? pad. The inset shows the layer structure and
the electrical connections. b) Strain response in dependence of the applied electric field of 200 nm thick Al 7,Sco 23N on n-GaN measured at 711 Hz.

leakage currents for switching cycles are higher than for non-

switching cycles. Therefore, it is typically not possible to fully

compensate leakage currents by using positive-up negative-

down (PUND) measurements as well as modified DLCCI1?—

since both methods compensate using non-switching cycles. In
DLCC, leakage is compensated using two successive switching
cycles at different frequencies, thus overcoming the aforemen-
tioned issue. Therefore, DLCC better reflects the electrical
features of our films. This comes however at the price of over-

lapping switching peaks due to the frequency dependence of

the latter, which can lead to the minor artificial negative cur-
rent response observed under positive fields, as visible in
Figure 7b. In Figure 7a,b, DLCC P-E and J-E loops for different
Aly7,Sco 3N film thicknesses are depicted. Although DLCC
is not able to fully compensate for the leakage on the positive
side, the remanent polarization (P,) can be approximately deter-

mined from the negative half-cycle in Figure 7a. P, values of

roughly 125 uC cm™ are in line with what is known from highly
textured Al;.,Sc,N on Pt/Si for similar Sc concentrations.!?
Somewhat unexpected—and different to what has been pre-
viously observed in Al;,Sc,N, the data displayed in Figure 7b
reveals a broadening of the switching regime including the
appearance of two peaks during sweeping negative half-cycles.

From frequency-dependent measurements (see Figure S2,
Supporting Information), both peaks behave like ferroelec-
tric switching peaks—as expected, with increasing frequency
the peak-heights are increasing as well as the peak centers
are shifting to higher absolute fields. More gradual switching
is also apparent during the negative half-cycle of the butterfly-
shaped strain over the electric field loop displayed in Figure 6b,
which gives additional evidence that both peaks are of ferro-
electric origin. The clear observation of the double-switching
phenomenon in our samples was facilitated by contacting the
capacitor through the n-GaN, which results in an asymmetric
current response that widens the negative side, especially for
thinner films. This broadening of the displacement current
peaks also occurs during switching two neighboring capacitors
in series, i.e., by using the substrate for the series connection
and therefore ruling out the influence of the Ag/n-GaN contact
(see Figure S3, Supporting Information). Thus, although being
highly doped, we expect a voltage drop on a built-up space
charge region at the Al Sc,N/n-GaN interface (a more detailed
possible explanation for this observation is given at the end
of this section). Due to the establishment of this space charge
region, peak splitting effects are getting more pronounced with
decreasing film thickness down to 100 nm. Below 50 nm, “peak
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Figure 7. a) DLCC (1 kHz) P-E loops and b) corresponding DLCC (1 kHz) J—E curves for 100 nm (black), 200 nm (red), and 300 nm (blue) thick
Alg7,5¢o 25N films. Leakage compensation was calculated from measurements at 1 and 2 kHz. ) Uncorrected J—E curves showing the evolution of the
double peak feature during the negative half-cycle for 100 nm thick Aly,Sc,N with varying Sc concentrations.
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Figure 8. a) Internal parameter u in dependence of Aly7,Sc 3N film thickness and in dependence of Sc content for 100 nm thick Aly,Sc,N. b) Positive
coercive field (E ;) dependence on the internal parameter u and c) on the a-lattice parameter.

A’ shrinks and finally disappears at 30 nm (see Figure S4, Sup-
porting Information). As discussed in Section 2, Alj7,Scy 5N
films with up to =40 nm thickness are fully strained to the
GaN. Films with thicknesses in between =40 and 300 nm con-
sist of a fully strained as well as a more relaxed volume. Since
double peaks are only present in films thicker than 30 nm,
we expect that they are related to the different strain regimes
within the films. To further confirm that the switching peaks
are indeed related to different strain regimes, the 100 nm thick
samples with 24 at% Sc and 19 at% Sc were investigated. The
a-lattice parameter and therefore the in-plane misfit to GaN
is decreasing with decreasing Sc content and finally almost
matches the GaN a-lattice parameter at 19 at% Sc, as discussed
in Section 2. In Figure 7c J-E curves for the 100 nm thick
Al Sc, N with different Sc concentrations are compared. It is
evident that for 24 at% Sc “peak A’ is shrinking at the cost of
“peak B” while finally only one switching peak appears for the
uniform fully strained 19 at% Sc film. Due to the compressively
strained in-plane lattice of Al Sc,N at the GaN interface, it is
reasonable to conclude that this volume fraction is switched at
higher absolute electric fields, as it is known that compressive
strain in AlySc,N leads to higher coercive fields.') Therefore
we expect “peak B” to be responsible for switching polarization
of the fully strained region near the GaN interface and “peak A”
to be responsible for switching the more relaxed region at lower
absolute electrical fields. Since at 24 at% Sc the ratio between
fully strained and relaxed volume is changing, also the area
ratio of the two switching peaks is changing. Furthermore, the
lower Sc content causes a higher coercive field, as it can be seen
especially for the Aljg;Sc 19N film. As discussed in Section 2,
the high-resolution RSM of the latter film (Figure 4b) is indica-
tive of a largely uniform lattice over the entire film thickness,
which can explain the occurrence of only one switching peak.
Additional measurements that confirm that the switching
behavior described above occurs independent of sample area
and measurement setup are given in the supplement.

In order to investigate the effect of epitaxial strain on the
coercive field, the internal parameter u was calculated according
to u = a?/3¢? + 0.251°21 and is illustrated in Figure 8a for the
various films investigated in this study. Due to the asymmetric
voltage drop at the Al;,Sc,N/GaN interface, only the positive
coercive field (E) can be clearly determined and considered
for the following evaluations.
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As expected, u is decreasing with decreasing film thickness
due to the compressively strained Aly7,Sc) 2sN close to the GaN
interface. As previously shown, a reduction in Sc content leads
to a drop in u as well.'% In our particular case, the effect of epi-
taxial strain superimposes the distortion of the lattice due to Sc
variation, resulting in relatively small changes for the different
Sc concentrations. In Figure 8b the coercive field is correlated
to the internal parameter u. Clearly, a decrease of the coercive
field with increasing u is observed for both series due to a flat-
tening of the energy landscape which facilitates ferroelectric
switching.') Noticeably, the coercive field changes from 4.2
up to 5.7 MV cm™! for Aly5,Sc 25N only as an effect of epitaxial
strain. Although the trend is clear, a slightly different depend-
ence of E, on u is observed for the thickness and the Sc series.
This supports the assumption that u alone does not determine
the coercive field. Besides distorting the lattice, Sc has an
additional effect on the switching behavior, e.g., an introduction
of local structural instability which facilitates switching.(??/ Con-
trarily, the coercive field dependence on the a-lattice parameter
is more congruent for the two series, as depicted in Figure 8c.
To conclude, the coercive field is heavily influenced by epitaxial
strain. Additional studies should therefore be conducted to
investigate if the systematic introduction of epitaxial tensile
strain can be used to further separate the coercive field from
the onset of the leakage current.

To provide a possible explanation for the establishment of
a space charge region under large negative fields, we rely on
the following observation: The onset of the switching current
occurs at roughly the same field for both polarities. This observa-
tion indicates that there is no large-scale depletion zone in the
n-GaN and thus no space charge region at this point. For positive
fields, there will be no additional depletion since the n-GaN is
biased in the forward direction. For negative fields (and N-polar
Al Sc,N), the interface between the ferroelectric and the n-GaN
will provide electrons from the charges screening the polariza-
tion of the ferroelectric. As soon as polarization switching occurs,
this reservoir of charges will be substantially reduced through
the rearrangement of the screening charges. Locally, there will
no longer be sufficient screening charges to build up a field as
high as the coercive field of Al;,Sc,N. Therefore, the n-GaN will
start to deplete when the first regions with M-polarity are formed
and the remaining switching current will appear widened due to
the additional voltage-drop over the depleted GaN.
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4. Investigation of the Initial Film Polarity

The polarity of III-N heterostructures is of fundamental impor-
tance for, e.g., the carrier type in 2-dimensional electron gases
(2DEGs) that form at their polarization discontinuities as well
as their etching rate and selectivity—both of which are crucial
from the integration point of view.*?}| Sputtering of Al; Sc,N
usually favors N-polar growth, while most III-N heterostruc-
tures feature M-polar surfaces. Therefore, the as-deposited
polarity of Al;,Sc,N grown on top of M-polar GaN is of special
interest. To investigate the as-deposited polarity of the films,
two successive unipolar triangular excitation signals at 1.5 kHz
were applied on pristine pads. This allows distinguishing
between switching (first signal, orange) and non-switching
(second signal, green) currents, as depicted in Figures 9a,b for
a 100 nm thick Aly7,Scy,sN film. Clear current peaks during
positive and negative voltage sweeps are visible, meaning there
are M-polar as well as N-polar regions inside the same, as-
deposited film—unlike in the exclusively N-polar films depos-
ited by similar processes on metal electrodes.l**]

Measurements of the piezoelectric coefficient ds3¢ on as-
deposited pads in comparison to ds; ¢ measured on pads with
prior switching to full N-polarity by applying a field above the
positive coercive field confirm the as-deposited multipolar
state: The as-deposited ds3¢ for a 200 nm thick Alg7,Sco N
capacitor is 19.4% smaller than after switching the same
capacitor to full N-polarity. Furthermore, by looking at the full
loop of the 100 nm film depicted in Figure 9a, it is apparent
that the switching dynamics are completely different for the
first unipolar excitation signal. This might not be related to
a wake-up effect, but rather an effect of the depleting GaN
in the presence of M-polar AIScN and large negative elec-
tric fields, as explained in Section 3. The growth of M-polar

(a)

ww.afm-journal.de

Al Sc,N is promoted via the M-polar GaN template. This
template-dependent polarity has also been observed for GaN
grown by MOCVD—GaN grows N-polar on non-polar sap-
phire and M-polar on a template that exhibits M-polarity (AIN/
sapphire).?®l For thicknesses >40 nm, the film undergoes a
transition to N-polarity, in accordance with the preference of
the deposition process. This thickness-related transition from
M- to N-polarity is confirmed by thickness-dependent as-depos-
ited unipolar measurements, as depicted in Figure 9c. With
decreasing film thickness the M-polar switching peak area is
increasing, meaning the N-polar volume portion is shrinking.
This increase in polarization when reducing the thickness of
the non-switching layer is a common feature of dielectric/ferro-
electric heterostructures.l”’) Unipolar measurements on thinner
as-deposited Alj7,Sc 5N films reveal full M-polarity for 30 nm
film thickness, while at 40 nm film thickness a switching
peak confirming the presence of N-polarity is observed (see
Figure S5, Supporting Information). This confirms the afore-
mentioned transition from M- to N-polarity at a thickness
between 30 and 40 nm. Since also films with lower Sc concen-
trations and thus reduced built-in stress exhibit M- and N-polar
as-deposited regions (see Figure S6, Supporting Information),
we conclude that their presence is not predominantly related
to the strain relaxation that is also observed to start at around
40 nm film thickness, but rather an independent effect due to
the influence of the M-polar GaN at the interface. Conversely,
the change in polarity necessarily induces an extended lateral
defect (i.e., the domain wall), which might be the origin for
the commencing stress relaxation at this particular thickness.
To visualize the extent of the as-deposited M-polarity, etching
experiments were conducted and are illustrated in Figure 10,
since etchants like Phosphoric acid (H;PO,) are highly selective
to the polarity of wurtzite-type crystals.?l After switching the
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Figure 9. a) Negative and b) positive unipolar measurements on pristine 100 nm Aly 7,Sco,3N capacitors to visualize the as-deposited polarization.
The sketches above the respective figures represent the Aly,Sc,N polarization state before and after the first applied unipolar voltage. The J—E half-cycle
after fully switching the same film to the respective opposite polarity is depicted in black c) Positive unipolar measurements on pristine Alg7,Scg 3N
capacitors in dependence of film thickness to illustrate the extent of as-deposited M-polarity.
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Figure 10. a) Schematic cross-section of a patterned Au(10 nm)/
Cr(30 nm)/Aly7,Sco2sN (100 nm)/n-GaN heterostructure with positive
coercive field applied to the capacitor. b) Expected cross-section after
removing part of the top-electrode and subsequent etching in phosphoric
acid ) Scanning electron microscopy (SEM) image of the etched hetero-
structure sketched in (b). The three expected topographies marked with
1, 11, and 111 are clearly visible.

100 nm thick Alj7,Scy 3N below the patterned top-electrode to
full N-polarity, as sketched in Figure 10a, the top electrodes were
partially removed by wet-etching. Subsequent to the etching in
80 °C H3PO,, the etch-profile sketched in Figure 10b is expected
and observed experimentally, as depicted in Figure 10c.

In region I, the as-deposited residual M-polar Al ;,Scy 5N
volume fraction is visualized, followed by a clear transition
to the neighboring almost fully etched region II, which was
previously switched to full N-polarity. Noticeably, the topog-
raphy in region I exhibits a rather complex three-dimensional
structure. We presume the rough surface structure is a con-
sequence of the M- to N-polarity transitions in the as-grown
film taking place at different levels for the respective columnar
Al;,Sc,N nanograins. In region II, only cone-like residuals
on a very smooth surface are visible. These cone-like resid-
uals are characteristic for N-polar Al;,Sc,N, while the very
smooth surrounding surface is indicative of an etch-stop at the
Al Sc,N/GaN interface.?’] The smooth etch-stop on the GaN
surface allows the conclusion that the latter is not switched to
N-polarity to a significant extend. This observation also gives
additional support to our explanation that the double switching
peak phenomenon originates in the Al;,Sc,N and is not a con-
sequence of partial switching in GaN.

To further support this discussion, we confirmed the
expected location of the M- and N-polar regions in the as-
deposited Aly7,Sco N films by recording high-resolution
STEM ABF micrographs at the interface and close to the sur-
face, which were vertically aligned at a nearly identical lateral
position. Registered STEM datasets were recorded with an aber-
ration corrected electron probe allowing for the unambiguous
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Figure 11. Registered and Gaussian-filtered STEM ABF micrographs of
the 300 nm Alg7,Sco,8N/GaN heterostructure in [11-20] zone axis. The
structure is M-polar at the interface and N-polar close to the surface. The
respective positions of the recorded micrographs are indicated by arrows.
On the schematic models green dots depict Ga atoms, red dots Al/Sc
atoms and yellow dots N atoms.

determination of Alj7,ScysN unit cell polarity at the atomic
scale.?¥l Although growing epitaxially, the nanoscale grain sizes
and in-plane mosaicity of the investigated film implicated a
challenging task for high-resolution STEM investigation. The
small grain size causes overlapping orientations and irregulari-
ties in the field of view. Therefore, ABF as a very orientation
angle sensitive technique resulted in unambiguous results only
in certain regions.

The registered ABF datasets showing the atomic struc-
ture at the interface and at the top film region are presented
in Figure 11, respectively. At the interface to the M-polar GaN
buffer layer, the atomic structure of Alj;,Scy 3N exhibits also
an M-polar configuration, which is illustrated by the schematics
indicating the atomic species on their respective lattice posi-
tions. Conversely, the investigation of the relaxed region close
to the surface revealed an N-polar structure.

Hence, the localized observations of position-dependent polar-
ities in the Aly7,Scy 5N film confirm our initial hypothesis that
the competition between an M-polar template and a deposition
process that favors N-polar films leads to a transition between
the polarities once a certain film thickness is reached. However,
even with this initial multi-domain state, a single domain con-
figuration can be obtained by either electrically polarizing the
material or by keeping the film thicknesses below 30 nm.

5. Conclusion

Epitaxial ferroelectric Al Sc,N films with 19, 24 as well as
28 at% Sc and thicknesses ranging from 300 nm down to
10 nm were grown by sputter epitaxy on doped n-GaN/Al,O;
substrates. XRD, RSM, and pole-figures confirmed epitaxial
growth and the expected [1-100](0001)Al,,Sc,N || [1-100](0001)
GaN relationship. At Sc concentrations above 19 at% the
Al Sc,N lattice divides into a fully strained regime at the GaN
interface and a relaxed regime above. Relaxation was further
investigated combining aberration-corrected STEM and scan-
ning NBED resulting in a strain map representing the whole
thickness of the 300 nm Aly7,Scq,sN film. The aforementioned
investigations reveal that Aly7,Scy ,gN films up to =40 nm thick-
ness are fully strained to the GaN, while for thicker films the
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extent of the fully strained regime is decreasing with increasing
film thickness.

By reducing the Sc concentration from 28 to 19 at%, lattice-
matched growth conditions can be obtained that result in a
more uniform strain state throughout the films. From the elec-
trical response, it was found that two ferroelectric displacement
current peaks appear for films with thicknesses >30 nm and
Sc concentrations > 19 at%. This indicates that this distinct
switching behavior is related to the respective strain states inside
films consisting of a fully strained as well as a more relaxed
volume. The compressively strained volume close to the GaN
interface is expected to switch at higher coercive fields, while
the relaxed volume distant from the GaN interface is expected
to switch at lower coercive fields. The initial polarization state
of all epitaxial Alj7,Sco 4N films investigated in this study was
proven by electrical measurements to be M-polar near the inter-
face up to =30 nm film thickness with a subsequent transition
to N-polarity. In contrast to the double-switching phenomenon,
this is not related to different strain regimes, but rather due
to the competing influence of the M-polar GaN template and
the sputter process for Al;Sc,N favoring N-polarity. Hence two
polarities are present also in the lattice-matched Aljg;Scy 9N
films. STEM ABF imaging as well as the results of etching
experiments confirmed the conclusions obtained from the elec-
trical measurements: M-polarity in Alj;,Scy 3N was found near
the GaN interface due to the impact of the M-polar template,
while near the surface N-polar Alj,Sc 3N was confirmed. Our
results therefore give a conclusive overview regarding the effect
of epitaxial growth on the ferroelectric response of heterostruc-
tures containing III-N based ferroelectrics and help to advance
the pending integration of ferroelectric functionality to III-N
technology.

6. Experimental Section

The substrates consisting of a 4.5 um Si-doped epi-GaN top-layer and its
corresponding buffer layers grown on Al,O; (0002) were commercially
bought. The dopant concentration was specified as >10'® cm= and the
resistivity was specified as < 0.5 Q cm. The as-grown 4-in. n-GaN wafers
were protected by a photoresist and diced into 1 x 1 cm? pieces. Prior
to deposition, the pieces were cleaned with acetone and isopropanol in
an ultrasonic bath followed by rinsing in Dl-water. The Al,Sc,N films
as well as the Pt top-electrodes were grown by sputter deposition in an
Oerlikon (now Evatec) MSQ 200 multisource system. The Al;,Sc,N
films were deposited by reactive pulsed DC co-sputtering at 450 °C
and a nitrogen flow of 15 sccm. More details about the process are
described elsewhere.22% All electrically characterized samples were
capped with 100 nm of Pt after a preceding vacuum break to clean
the Pt-target. The top-electrodes were structured with lithography and
ion beam etching (IBE, Oxford Instruments lonfab 300). The n-GaN
served as bottom-electrode by contacting it via applying a silver
conductive paste. Etching experiments were conducted on 100 nm thick
Alg725¢o.2sN samples with sputter-deposited 30 nm Cr and 10 nm Au
capping in a von Ardenne CS730S sputtering tool. The electrodes were
structured with lithography and wet-etched with a Kl/I, solution (Au)
and TechniEtch CrO1 (Cr). After switching certain pads to full N-polarity,
the top-electrodes were removed using the aforementioned etchants
followed by etching in 85% H;PO, at 80 °C. The sample topography
(see Figure S7, Supporting Information), especially the occurrence
of non-c-axis oriented protruding grains as described in previous
publications, 229 as well as the etched samples were analyzed using
a scanning electron microscope (SEM, Zeiss GeminiSEM). The Sc
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content was determined by SEM energy dispersive X-ray spectroscopy
(EDS, Oxford x-act) at 13 kV. XRD measurements were performed
using a Rigaku SmartLab diffractometer (9 kW, Cuy, = 1.5406 A,
Hypix detector). The in-plane lattice parameters were extracted from
the asymmetric 10-15 reflection. The pole figure was measured with
a 2-dimensional X-ray detector configuration, at a center 26/ angle
of 65° and a center y angle of 30°. With these settings, the {01-13}
family of reflections of the Al;,Sc,N and GaN films, as well as the {01-
18} family of the sapphire substrate was detected. The high-resolution
reciprocal space maps were recorded with a 0.5° Parallel Slit Analyzer
on the detector side. Ferroelectric measurements were performed using
an AixACCT TF Analyzer 2000. The longitudinal thin-film piezoelectric
coefficient ds;¢ was measured using an AixACCT double beam laser
interferometer (DBLI) with a signal amplitude of 30 V at 711 Hz. The
strain response in dependence of the electric field was measured with
the same setup. Capacitance over electric field measurements were
conducted on a Hewlett Packard 4284A Precision LCR meter with a
small signal of 1V peak to peak at 100 kHz sweeping 1V steps with a
delay of 500 ms between each step. A cross-section specimen of the
as-deposited 300 nm Alg;,Sco,3N/n-GaN film was prepared for local
nanostructure analysis by performing a standard focused ion beam
(FIB) procedure on a FEI Helios NanoLab G3 FIB-SEM Dualbeam
system. Special care has been taken to minimize damage and Gallium
implantation into the structure and to prevent material re-deposition
at the interfaces of interest during the final 5 and 2 keV cleaning steps.
High-resolution scanning transmission electron microscopy (HRSTEM)
capable of directly visualizing a projection of the atomic structure
was performed on a Nion HERMES microscope operated at 200 kV
(convergence semi-angle of 25 mrad) with aberration-correction up to
5th order, achieving a theoretical point resolution of 0.06 nm. In order
to investigate the atomic structure, especially to visualize the positions
of the lighter element N that determines the polarity of the material,
the annular bright field (ABF) imaging mode was used, collecting the
scattering regime of roughly 15-30 mrad on an annular scintillator
detector. To reduce noise and the influence of sample drift during image
acquisition, series of ABF micrographs from a given sample area have
been recorded, rigidly registered, then summed into a single image and
finally subjected to a small Gaussian blur filter. To calculate the strain
distribution, a scanning nano-beam diffraction map was acquired with
200 x 200 scan points over a 400 X 400 nm? area and a convergence
angle of =0.3 mrad. A 50 x 200 portion of the data was processed
with a homemade DigitalMicrograph script to obtain the strain maps
calculated from the diffraction spot distances for each scan point.
Prior to STEM investigations, the specimen has been baked overnight
at 120 °C in a high vacuum to remove residual hydrocarbons that can
impair the investigation. This temperature was not high enough to lead
to relaxation mechanisms in the material.%
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ABSTRACT: AlSc, N is a nitride-ferroelectric compatible with
both CMOS and GaN technology. The origin of ferroelectricity in
these ternary nitrides relies on the full inversion of nitrogen atom
positions, which is a significantly different structural mechanism than
conventional perovskites. Therefore, its ferroelectric characteristics
exhibit a high remanent polarization and a tunable coercive field but
suffer heavily from leakage currents during the switching event. In
this article, we studied epitaxially grown Aly;,Sc;,sN thin films on
epitaxial Pt electrode layers deposited on GaN/Al,O; substrates.
The results are compared both structurally and electrically with
similar systems on SiO,/Si substrates. Our X-ray diffraction analysis
showed that Al ,,Sc,,sN/epi-Pt/GaN is always a complete epitaxial
stack without any significant strain gradient. Electrically, this system
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has an overall lower leakage current and coercive field compared to directly grown, highly crystalline, strained epitaxial Al,;,Sc,,sN/
GaN, despite having a lower crystalline quality of the ferroelectric layer. In addition, decreasing the epi-Pt thickness from 100 to 10
nm resulted in further improvement of the leakage profile, which we attribute to a decrease in surface roughness in the thinner Pt. In
contrast, the dominant factor of leakage in a fiber-textured system on Si substrates is the Pt(111) texture. Finally, with the
combination of in-plane X-ray diffraction and high-resolution scanning transmission electron microscopy, we have demonstrated an
all-epitaxial 20 nm Aly;,Sc),sN/Pt/GaN MEM stack with a sharp interface thickness of less than 1 nm.

KEYWORDS: ferroelectricity, AIScN, epitaxy, leakage, texture, interface

1. INTRODUCTION

The experimental discovery of ferroelectricity in wurtzite-type
aluminum scandium nitride (w-AlSc,_,N) solid solutions is
driving worldwide research on fundamental understanding and
material optimization as well its device integration in silicon
and nitride technologies.' Recently, the growth of highly
textured or epitaxial ferroelectric (FE) w-Al,Sc,_,N on Si- and
GaN-based heterostructures using magnetron reactive co-
sputter deposition, molecular beam epitaxy, and metal—organic
chemical vapor deposition has already been demonstrated.”>
In particular, the material’s highly tunable coercive field (E.) >
2 MV/cm and its large remanent polarization (P,) up to 130
uC/cm?, along with its fast and easy integration to devices,
have attracted substantial interest for high-speed FE random-
access memory and FE field effect transistor applications."®”

Thin-film w-AlSc,_, N may also be integrated into GaN-
based high-electron-mobility transistors and high-frequency
power electronics.® The high temperature stability of the solid
solution”'® and the ferroelectric Curie temperature crossing
1000 °C'" can be appealing for microwave and harsh-
environment electronics.'”> However, ferroelectricity in
Al Sc,_,N is not without limitations. One of the major issues

© XXXX The Authors. Published by
American Chemical Society

4 ACS Publications

is the high leakage current during switching.'>'* With
thickness downscaling, this issue becomes more severe, posing
a significant obstacle to its usage in energy-efficient, ferro-
electric-based electronics. In one of our recent works, we grew
epitaxial Al,Sc;_ N on n-doped GaN/AlL, O, substrates."® While
scaling down to a 20 nm film thickness was successful, the
impact of the semiconducting GaN altered the ferroelectric
response significantly. This impact consisted of significant
depletion of the substrate under negative electric fields, a
transition from M-polar to N-polar growth at a thickness of
40—70 nm, and the emergence of a more complex current-to-
voltage response, consisting of two anomalous ferroelectric
switching peaks in epitaxially strained films. In this study, we
investigate a modified system by introducing an epitaxial (epi-)
Pt electrode between the GaN substrate and the ferroelectric
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Figure 1. X-ray rocking curve fwhm (black spheres) and RMS roughness (blue triangles) of (a) Pt(111) and (b) 100 nm Al ;,Scy,sN. The solid
and hollow symbols represent the samples on GaN/ALO; and AIN(or Ti)/SiO,/Si substrates, respectively. (For the sake of simplicity, the legend
refers to GaN/AL O, as GaN and AIN (or Ti)/SiO,/Si as Si.) The error bars are usually smaller than the data points and are therefore displayed as
a table alongside the data values in Tables SI (roughness) and S2 (XRC-fwhm). (c) X-ray pole figures centered at the Pt(111) reflection. In-plane
AIScN [0,1,—1,0] reflection: (d) ® scan and (e) 20—y® scan. From (e), all cases yield an in-plane “a” lattice parameter around 3.25—3.24 A.

w-Aly7,ScoN. Pt was chosen as an electrode due to its high
work function and its corresponding ability to limit charge
leakage.'® The aim of this experiment was to achieve an all-
epitaxial system on GaN without a strain gradient in the
ferroelectric layer, with no polarity transition, and with no
depletion zone by introducing a metal contact. X-ray
diffraction (XRD) analysis of these films showed highly
crystalline epitaxial growth of Pt on GaN compared to Si
substrates. Furthermore, we found that the growth of Pt on
GaN is separated into a highly oriented interface and a slightly
disordered bulk regime. Therefore, scaling down the Pt
thickness from 100 to 10 nm enhances the overall high
crystallinity of the electrode, resulting in a smoother surface for
Al Sc,_ N growth. This ultimately lowered the E. and

therefore the overall leakage current density. A high-resolution
asymmetric reciprocal space map (RSM) showed that the
metal-ferroelectric-metal (MFM) stack of Pt/AlScN/epi-Pt on
GaN/AlLO; grows epitaxially relaxed without any significant
strain gradient. The electrical analysis confirmed that these
relaxed epitaxial films on epi-Pt had an overall lower coercive
field, less leakage, and a more symmetric FE response
compared to directly grown strained films on GaN/AlLO;.
Scanning transmission electron microscopy (STEM) of these
Pt/AIScN/epi-Pt based metal-ferroelectric-metal (MFM)
capacitors further demonstrated that even at smaller
dimensions, such as 20 nm thick w-Al,,;,Scy,sN on epi-Pt
bottom electrodes, the local epitaxial growth holds with sharp
interfaces less than 1 nm.
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Figure 2. Reciprocal space mapping (RSM) of 100 nm Aly,,Sc,sN grown on (a) 10 nm, (b) S0 nm, and (c) 100 nm epi-Pt on GaN/ALO;
substrates. (d) 100 nm Pt grown on AIN/SiO,/Si. Panels i—iv show the corresponding cutline profiles across the Pt(111) reflections. The profiles
(marked as red dashed lines in parts a—d) are taken with respect to the w-axis of the goniometer.

2. RESULTS AND DISCUSSION

2.1. Growth of Pt(111) and Al 7,5¢,,3N(0002) on GaN
and Si Substrates. The Pt bottom electrode on GaN for the
ferroelectric AIScN-based MFM capacitor has a high crystalline
quality and low film roughness. These analyses are summarized
in Figure la, showing the comparison of the Pt(111) X-ray
rocking curve (XRC) full width at half-maximum (fwhm) and
the AFM root-mean-square (RMS) surface roughness values of
as-grown Pt bottom electrodes on GaN and Si substrates. The
AFM topographies are demonstrated in the Supporting
Information. In terms of the crystalline quality of the Pt
bottom electrodes, which is represented by its XRC fwhm, our
result indicates a significant improvement of the Pt(111)
crystalline quality on GaN (solid spheres) compared to Si
(hollow spheres) substrates. For example, 100 nm Pt on Si has
an XRC-fwhm of around 1.7°, while the value dropped close to
0.4° for Pt on GaN. The Pt(111) crystalline quality showed
further improvement on GaN when its thickness is reduced
from 100 to 10 nm (Table S2a). In contrast, identical
variations in Pt electrode thickness on Si substrates resulted in
a significant decline in crystalline quality from approximately
1.7° to 4.3° for the 100 and 10 nm electrodes, respectively.
The RMS surface roughness of the Pt bottom electrodes
improved with thickness reduction on both the GaN and Si
substrates (blue triangles). Figure 1b displays the same
characteristics for the AIScN RMS roughness, which improved
from 1.5 to 0.5 nm on both the GaN and Si substrates.
However, no significant change in the 100 nm Al,,,Scy,gN-
(0002) crystalline quality was observed across various Pt
electrode thicknesses for either the GaN or Si substrates
(Table S2b). Furthermore, the average Pt grain sizes
determined from AFM (shown in Table Sla) decreased from
~30 to ~10 nm as the thickness decreased (measured via the
watershed method). The average grain size of w-Aly;,Sc)sN

reduced to about 3—10 nm on the thinner 10 nm Pt electrodes
compared to the thicker SO and 100 nm Pt electrodes.
However, on Si substrates, after the Pt thickness was reduced
from 100 to 10 nm, the average grain size for both Pt and the
100 nm Aly;,ScygN dropped significantly, from around 26 to
10 nm (Table SIb).

The opposite trends of the XRC fwhm that were observed
for Pt(111) on both substrates in Figure la are interpreted to
be two different kinds of growth mechanisms, which are
evidenced by the Pt(111) X-ray pole figures presented in
Figure lc. Here, the epitaxial growth of Pt on GaN (epitaxial
relation: [1,1,—2,0] (0001) Aly,Sco,sN Il [1,—1,0] (111) Pt I
[1,1,-2,0] (0001) GaN) is demonstrated by the six-fold
symmetry of the Pt (1—11) reflections (~79° tilted from
Pt(111) planes) compared to the Si substrates, where the
reflections are continuously distributed over a 360° ® rotation
showing fiber-textured grain growth. The improved structural
quality of the epitaxially grown material also propagates to the
100 nm of Aly-,Scy,sN grown on the electrode. The in-plane
® scans of the AIScN (01—10) reflection (Figure 1d) exhibit
six-fold symmetry on epi-Pt/GaN. Nonetheless, the in-plane
lattice parameter a of the w-Al),Scy,sN layers is around 3.24—
3.25 A for all cases, indicating a relaxed epitaxial growth of w-
Aly7,Scg,sN on epi-Pt/GaN and a conventional, well-known,
fiber-textured growth on the Si substrates.

2.2. Structural Analysis of 100 nm MFM Stacks on
GaN and Si Substrates via Symmetrical RSMs. Figure 2
shows the GaN(0002), AIScN(0002), Pt(111), and
AL 0;(0006) reflection spots in reciprocal space (marked in
Figure 2c). The high crystallinity of the epi-Pt on GaN
compared to the Pt on AIN/SiO,/Si can be clearly evidenced
from the Pt(111) intensity distribution in the RSMs. However,
from the @ cutline profiles through all Pt(111) reflection
centers (i—iv), it is evident that the direct growth of Pt grains
on GaN results in very low average lattice tilt values Aw = 0°
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Figure 3. J-E characteristics of 100 nm Al),Scy,sN on (a) 100 (magenta), SO (red), and 10 (blue) nm epi-Pt/GaN/ALO;, (b) 10 nm epi-Pt/
GaN/ALOj; (blue) and Pt/AIN/SiO,/Si (gray), and (c) 10 nm epi-Pt/GaN/ALO; (blue) and 100 nm Pt/Ti/SiO,/Si (black). (d) The room
temperature leakage current of 100 nm Al ;,Sc,sN (at 50 V, padsize ~ 50 X 50 gm?) via nonswitching measurements at 10, 100, and 1000 Hz. (e)
Leakage current (at 1 kHz) vs Pt roughness . (f) Leakage current (at 1 kHz) vs Pt(111) @ fwhm.

from the GaN(0002) RSM center (w = 0°, marked with a
dashed black line in i—iv). These low-tilt mismatches for Pt on
GaN substrates indicate a clear epitaxial relation of the layers
with the smooth interface. However, the tilt mismatch is much
bigger for Pt(111) (as shown in iv) on Si substrates from its
normal direction, exceeding up to 1.7° on average. This is
mostly due to the indirect growth of Pt through native
amorphous SiO, and polycrystalline seed layers (Ti or AIN). In
addition, the anisotropy of the deposition chamber, e.g, the
angular distribution of the sputtered atoms, the substrate tilt,
and the temperature gradient across the 8 in. SiO,/Si wafer,
may also contribute to the gradual tilt of the Pt(111) grains
away from center of the wafer.'”'® Further, the impact of
epitaxial Pt growth on GaN is apparent from the shape of the
cutline @ profiles of the Pt(111) reflections. The cutline
profiles can be well-fitted by two functions corresponding to
the highly oriented and slightly inclined regions, according to
Miyake et al.'’ In contrast to the 50 and 100 nm epi-Pt on
GaN, the combined fit of the Pt(111) reflection profile of the
10 nm film exhibits a larger fraction of the highly oriented
region. We assume that the highly orientated Pt regions grown
on GaN have the same crystalline quality, regardless of the
overall Pt thickness. Therefore, the fitting was performed by

keeping the fwhm of the highly oriented region constant at
0.16°. The analyses suggest that epi-Pt grains on GaN start to
grow highly oriented up to a few monolayers and eventually
relax by introducing additional out-of-plane tilt of the
columnar grains with increasing thickness. However, we also
considered the effect of the correlation peak according to
Blasing et al;* therefore, the Pt(222) rocking curves were
further recorded to confirm the high crystallinity of the 10 nm
epi-Pt/GaN. From Figure S2b, the sharp intensity feature was
also clearly visible at the @ scan, which further confirms our
claim of an ultra-thin highly crystalline Pt interface on GaN.
2.3. Current Density vs Electric Field (J-E) Response
with Varying Pt Thickness on GaN and Si Substrates.
Figure 3a shows the J-E characteristics of 100 nm epitaxially
grown Aly;,Scy,sN on 100, 50, and 10 nm epi-Pt, where the
tail of the switching peak indicates the overall leakage current.
The P-E responses at 5 kHz with positive-up-negative-down
(PUND) measurements are depicted in Figures S3a and S3b.
Here, the 100 nm Al,,,Sc),sN on the 10 nm epi-Pt showed
the lowest overall leakage current density with a PUND
corrected P, value of ~147 uC/cm? (slightly overestimated due
to switching-induced leakage).”’ Considering the structural
data presented in Section 2.1, the lower leakage current density
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appearing in the 10 nm epi-Pt system can be attributed to the
lower roughness and superior crystalline quality of the bottom
electrode. The slight reduction of E. (<0.2 MV/cm) in the 10
nm epi-Pt system could be the cause of minor compressive
stress relaxation in the lattice through grain boundaries.
However, small, unpredictable fluctuations in the deposition
process, depending on the chamber conditioning history, could
also have an impact on these minor E, variations.””

In Figure 3b, we compare the electrical response of the
epitaxial MFM structure with that of the fiber-textured MFM
structure, both consisting of a 10 nm thin bottom electrode.
The results show that the leakage current density was
significantly lower in epitaxial systems, despite having higher
E. values. According to Section 2.1, the crystalline quality of Pt
on Si improves as the thickness of fiber-textured Pt increases
from 10 to 100 nm. Comparing Figures 3b and 3c, this
enhancement results in a reduction in the overall leakage
current density on fiber-textured systems on Si substrates.
Figure 3d depicts the true leakage current at 10, 100, and 1000
Hz, determined via nonswitching measurements at room
temperature. It shows that the leakage relation shown in parts
a—c is frequency-independent.

Therefore, considering the negligible density of misaligned
grains, the overall leakage current in structurally relaxed 100
nm Aly;,Sc,sN on Pt bottom electrodes is a rather complex
function of the Pt(111) texture and surface roughness.23
Figures 3e and 3f illustrate the relation of the leakage current
to the surface roughness and the Pt(111) texture, respectively.
Depending on the substrate and the growth type (i.e., epitaxial
or fiber-textured), different mechanisms dominate. In highly
textured epitaxial films on GaN, the overall leakage current
decreased with improved Pt surface roughness. This improved
roughness is the result of the improved epitaxial crystalline
quality, as the overall ratio of the highly oriented regions
increased in the thinner layers (as discussed in Section 2.2). In
contrast, leakage in fiber-textured films on Si substrates
(hollow data points) appears to be dominated by the Pt 111
texture. Here, even though Pt thickness downscaling resulted
in improved surface roughness of the film (Figure 3e), the
overall leakage current increased due to the loss of crystalline
quality (Figure 3f). Additionally, we note that our results do
not show a clear connection between the grain sizes and the

leakage currents (Table S1) because the smallest average grains
for epitaxial Pt and Al ,,Sc,,sN showed the lowest leakage. In
contrast, the opposite is true for fiber-textured films, as the
smallest 10 nm Pt and Al ;,S¢),sN grains on Si showed higher
leakage. Furthermore, the E. for Al;,,Scy,sN grown on Si
substrates is roughly ~0.35 MV/cm lower compared to epi-Pt/
GaN systems. As reported by Yasuoka et al., these lower E_
values correspond to the variations in thermally induced stress
during deposition process for various substrates (in this study,
silicon and sapphire).”*>*

2.4. Study of the Epitaxial Strain in Directly Grown
Aly5,S¢0,sN/GaN and Al 7,5¢,,5N/epi-Pt/GaN Systems.
Figure 4 shows the comparison between a 100 nm Al ,Scy N
film grown directly on GaN (a) without and (b) with an
intermediate 10 nm Pt layer, as depicted in the corresponding
layer diagrams. The difference in the center of gravity g, of the
AIScN and GaN (—2114) reflections indicates the epitaxial
strain in the AIScN films. The average profiles of directly
grown Aly,ScysN on a GaN reflection center, depicted in
Figure 4a(i), shows a strong epitaxial in-plane strain from the
substrate to the film layer. The average in-plane lattice
parameter a was found to be around 3.19 A (¢ ~ 5.02 A).
From] ghis, the relaxation parameter r can be calculated for the
layer.

;= Afilm ~ %sub
= elmxed _
Afilm Asub (1)

Therefore, direct growth of 100 nm thick Aly;,Scy,sN on GaN
causes a strain relaxation of around 17% (assuming for
Aly,S¢o,6N, asied = 324 A).*® These films are considered to
be epitaxially “strained” and have superior crystalline quality.
This result is also in agreement with our previous work, where
the critical thickness for strain relaxation in Aly,,Scy,sN was
determined to be about 40 nm."* In contrast, from Figures 4b
and 4b(ii), with the same Al;;,Scy,sN on epi-Pt/GaN, the
relaxation is almost 100% as the calculated in-plane lattice
parameter a & 3.24 A & af™? (c ~ 497 A).

Furthermore, due to the absence of epitaxial stress from the
GaN substrate, the stress distribution inside the Alj;,Sc,sN
layer on epi-Pt is significantly different from the directly grown
case on GaN substrates. This can be observed from the shape
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of the AIScN (—2,1,1,4) reflection in Figures 4a and 4b. The
out-of-plane tensile stress in the strained Al,,Scy,sN/GaN is
evaluated from the Ag, shift between the AIScN (—2114)
reflection center of the gravities, which is roughly 1.2%. As a
result of the higher compressive stress," Figure 4c shows that
the E. (positive field cycle) is roughly 0.5 MV/cm higher on
strained Al ;,Sc;,sN/GaN compared to relaxed films on epi-
Pt. The J-E response in the strained film is also leakier and
more asymmetric. Therefore, it can be concluded that in terms
of leakage current and symmetric response, the relaxed
Aly7,Scg,sN on epi-Pt/GaN has a better claim for ferroelectric
applications, despite having a lower crystalline quality.

2.5. Structural and Electrical Properties of Ultra-Thin
Al 7,5¢026N. Following our work on describing the ferro-
electric characteristics of ultra-thin 10 nm Al Sc,_ N MFM
capacitors lately,”’ in this article, we focus on the structural
characterization of such thin MEM structures. Figure Sa shows
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Figure 5. (a) AIScN(0002) rocking curve fwhm of different
thicknesses on 10 nm epi-Pt/GaN/Al,O; (black) and 100 nm Pt/
Ti/Si0,/Si (red) systems. The errors of the @ fwhm are noted in
Tables S3a and S3b. Twenty nanometer Aly;,Scy,sN (marked inside
the blue circle) (b) polarization and current density characteristics at
80 kHz, (c) STEM ABF micrograph with EDS profiles with Ga
(black), Pt (red), Al (blue), and Sc (green), and (d) in-plane (01—
10) reciprocal space map plotted in @ vs 20y—® (in-plane incident
angle w = 0.4°) ((i) 26y—® and (ii) ® intensity profile of the dashed
lines and their corresponding Gaussian fits from RSM).

a trend of improving the texture of epitaxial Aly,,Sc,,sN with
decreasing film thickness. Similar to the Pt texture on Si in
Figure la, the texture of Aly,,Scy,sN also degrades with
reducing film thickness on Si substrates. As an example,
Figures 5b—5d show the FE polarization hysteresis, the cross-
section scanning TEM, and the in-plane XRD, respectively, of
a 20 nm Aly,,Sco,sN film grown on epi-Pt/GaN. The
ferroelectric P-E and J-E responses shown in Figure Sb prove
that the ferroelectric activity at this scale is consistent with our
previous work.”® Unfortunately, the assessment of realistic
polarization values was not possible due to the high leakage
current density, even after applying compensation methods.
The ABF STEM micrograph in Figure Sc validates the
successful growth of 20 nm w-Aly;,Scy,sN on epi-Pt with a

sharp interface roughness of less than 1 nm. The overlaid EDS
line scans validate a homogeneous subnanometer distribution
of Sc within the FE layer. No trace of the fully strained region
at the Aly;,Sc,,sN/epi-Pt interface was found, which is due to
the large lattice mismatch of Aly;,Scq,sN with epi-Pt.>® The
STEM image further suggests a similar interface, also with epi-
Pt and GaN. These sharp interfaces in the epitaxial films are
known to reduce the overall leakage current for the
capacitors.”® ' In addition, the low contrast at the grain
boundaries also indicates a relatively stronger grain-to-grain
bond in epitaxial Aly;,Sc,sN films compared to the fiber-
textured films grown on Si (previously published).'"**** The
in-plane X-ray diffraction scan proves that the Aly,,ScysN
grows with an average lattice parameter of ~3.24 A, meaning a
complete epitaxially relaxed 20 nm film on epi-Pt. The fitted
20—y ® profile of the RSM (shown in Figure 5d(i)) shows the
contributions of both the GaN and AIScN (01—10) reflections
to the recorded peak intensity. The horizontal 20—y® profile
from the in-plane XRD measurement at a higher incident angle
(w = 0.7°) further confirms the presence of the GaN (01—10)
reflection, along with its exact position at the 20y—® axis
(Figure S4). The fwhm of the vertical ® scan of the reflection
in Figure 5d(ii) shows the mosaicity of the columnar grains on
epi-Pt, which was found to be ~6.56°, indicating a much larger
average twist distribution of the grains compared to strained
epitaxial films on GaN (0.82° for 30 nm Aly,Scy,5N/GaN,
Figure $5).' This higher mosaicity values in epitaxially relaxed
films can be associated with a large lattice mismatch between
Pt and Aly;,Sco 3N compared to GaN and Aly;,Sc 5N,
causing more screw-type misfit dislocations originating at the
epi-Pt/Aly7,Scy 5N interface during growth.

3. CONCLUSIONS

In this article, an in-depth structural characterization of GaN-
and Si-substrate-based MFM capacitors with Pt electrodes and
their ferroelectric properties were presented. The individual
structural properties of Pt bottom electrodes grown on doped
GaN and Si substrates were compared, and their interrelation
with the ferroelectric properties of Aly,Sc,,sN were discussed.
Using methods such as XRD pole figures and @ scans, we
demonstrated that the complete MFM capacitor stack with FE
Aly7,S¢c,6N and epi-Pt bottom electrodes successfully grows
epitaxially relaxed on GaN, even down to 20 nm thickness.
Hence, the developed MFM stack can remove strain gradients
within the FE layer, which is electrically superior to AIScN/
GaN heterostructures. This is demonstrated by a more
symmetrical ferroelectric response with a lower average E_ of
about 1 MV/cm and smaller leakage currents, despite having
lower crystalline quality. The optimization of these properties
in relation to the epi-Pt thickness was studied by high-
resolution XRD analyses, pointing out the different growth
regimes of epi-Pt on GaN, which are described by highly
oriented and comparatively low-oriented zones. The highly
oriented zone lies close to the GaN interface, where the
directed growth of the Pt grain is almost defect-free. Hence,
reducing the Pt thickness from 100 to 10 nm results in overall
improved crystalline quality and surface roughness. This
improvement is regarded as an active factor for reducing the
overall leakage current density for epitaxial Aly;,ScysN on a
10 nm epi-Pt/GaN/AL,O; stack, which showed the best
leakage profile. Furthermore, we also confirmed relaxed epitaxy
for a thinner 20 nm Aly;,Sco,sN on 10 nm epi-Pt. TEM
analyses of these films showed a homogeneous composition at
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the sub-nm scale with sharp interface roughness (<1 nm)
between the layers, demonstrating a successful MFM design by
magnetron sputter deposition.

4. EXPERIMENTAL METHODS

Thin-film depositions of Pt (100, 50, and 10 nm) and Aly;,Sc,,sN
(100, 50, 20, and 10 nm) were performed in an MSQ 200 multisource
system (EVATEC AG). Epitaxial (111)-oriented Pt was deposited
directly on commercial n-type 1 X 1 cm Si-doped (concentration >
10'® cm®) n-GaN/ALO; substrates. All Pt layers were deposited in
DC sputter mode at 500 °C (600 W, 50 sccm Kr). For comparison
purposes, (111)-orientated Pt was deposited on an 8 in. Si0,/(100)
Si wafer (SiO, thickness = 650 nm) with an additional 20 nm
polycrystalline AIN or Ti seed layer predeposition step under the
same condition. The preference of either the AIN or the Ti seed layer
is only for Pt adhesion to SiO, and has no significant impact on the
ferroelectric properties of Al,Sc,_,N. After Pt deposition, the wafer
was diced into 1 X 1 cm chips (DAD3350 dicing saw). Later,
Al 5,Sco,sN was deposited via pulsed DC cosputtering from separate
Al (680 W) and Sc (320 W) targets at 450 °C in a mixture of N, (15
sccm) and Ar (7.5 sccm) atmospheres. This deposition was
performed simultaneously on 1 X 1 cm Pt/AIN(or Ti)/SiO,/Si and
epi-Pt/GaN/AlL,O; chips. At the final step, 100 nm Pt top electrodes
were subsequently deposited at room temperature (with a vacuum
break) and patterned with optical lithography and ion beam etching
(Oxford Instruments Ionfab 300). The postdeposition electrical
characterization was performed in an AixACCT TF Analyzer 2000.
The surface topography of the films was analyzed using a SmartSPM
1000 scanning probe microscope from AIST-NT. The structural
characterization, such as ® fwhm (without considering the
instrumental broadening) along with symmetrical/asymmetrical
RSM, was performed with parallel beam monochromatic X-ray
diffraction (Rigaku SmartLab 9 kW, Cu Ka, Ge(220)2x with S° Soller
slits, Hypix-3000 pixel detector). Pole figures were recorded with a
nonmonochromatic beam. All in-plane XRD measurements were
performed by using a 0.5° parallel slit collimator at the incident side
and a 0.5° parallel slit analyzer at the receiving side of the instrument.
Local structural imaging and energy-dispersive X-ray spectroscopy
(EDS) were performed with a probe-corrected scanning transmission
electron microscope (JEM-ARM200F NEOARM, 200 kV) equipped
with dual 100 mm? silicon drift detectors. All thicknesses mentioned
in this paper are nominal, with an error of around +1 nm.
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Patrik Straridk, Lutz Kirste, Mario Prescher, Andriy Lotnyk, Hermann Kohlstedt,
Stefano Leone,* Lorenz Kienle,* and Simon Fichtner*

Waurtzite-type Al;_,Sc,N solid solutions grown by metal organic chemical
vapor deposition are for the first time confirmed to be ferroelectric. The film
with 230 nm thickness and x = 0.15 exhibits a coercive field of 5.5 MV cm™!
at a measurement frequency of 1.5 kHz. The single crystal quality and
homogeneous chemical composition of the film are confirmed by X-ray
diffraction and spectroscopic methods such as time of flight secondary ion
mass spectrometry. Annular bright field scanning transmission electron
microscopy serves to prove the ferroelectric polarization inversion at the unit
cell level. The single crystal quality further allows to image the large-scale
domain pattern of a wurtzite-type ferroelectric for the first time, revealing a
predominantly cone-like domain shape along the c-axis of the material. As in
previous work, this again implies the presence of strong polarization
discontinuities along this crystallographic axis, which can be suitable for
current transport. The domains are separated by narrow domain walls, for
which an upper thickness limit of 3 nm is deduced but which can potentially
be atomically sharp. The authors are confident that these results will advance
the commencement of the integration of wurtzite-type ferroelectrics to GaN
as well as generally 111-N-based heterostructures and devices.

possessing ferroelectric properties.!'?!

They are characterized by some of the
largest spontaneous polarizations and
coercive fields among ferroelectrics
in general, extreme temperature sta-
bility, as well as compatibility to the
major Si and GaN-based semiconductor
platforms.37] The fact that the wurtzite-
type ferroelectrics share the same crystal
structure and are most often IlI-nitrides
themselves offers the perspective of in-
troducing novel heterostructures with a
sort of native ferroelectricity to engineer
novel GaN-based devices. One of the
first devices considered in this context
is the ferroelectric high electron mo-
bility transistor (FE-HEMT),"®] which
could ultimately allow reconfigurable
normally-off functionality in normally-
on devices. Due to economic benefits
like high yield and ease-of-operation as
well as very good single crystal quality,

1. Introduction

Solid solutions with wurtzite-type crystal structure are one
of the newest material classes to have been confirmed as

metal organic chemical vapor deposition
(MOCVD) is today the dominant method
for Ill-nitride-based HEMT fabrication.
The availability of MOCVD-grown wurtzite-type ferrolectric sin-
gle crystal Al,_,Sc, N thin films would therefore be of great bene-
fit to advance the integration of said materials to GaN technology.
However, although the MOCVD growth of Al,_, Sc,N has already
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been demonstrated in the last years, targeting either HEMT or
RF-filters, no demonstration of ferroelectricity has been reported
so far!°2 In this work, we demonstrate for the first time that
single crystalline Al s Sc, 5N films grown on GaN templates by
MOCVD are indeed ferroelectric. Apart from standard electrical
characterization to deduce the displacement current originating
from the polarization inversion and to confirm a particularly high
coercive field of 5.5 MV cm™, we focus on high resolution scan-
ning transmission electron microscopy (STEM) for the imaging
of the atomic structure. Annular bright field (ABF)-STEM is em-
ployed not only to confirm the electric field induced polarization
inversion on unit cell level, but also to reveal the formation of
cone-like shaped domain patterns, which we think could be the
dominant domain shape in all wurtzite-type ferroelectrics in gen-
eral.

2. Results and Discussion

MOCVD allows the conformal deposition of Al,_, Sc, N thin films
with high rates and single crystalline quality over industrial scale
300 mm substrates—unlike sputtering and molecular beam epi-
taxy (MBE).["3-13] For this study, a 230 nm thick Al g Sc, ;5N film
was grown onto a Si-doped GaN layer deposited on a c-plane
sapphire substrate at a temperature of 1000 °C using a novel
precursor molecule with increased vapor pressure as described
in the experimental details. As the high growth temperatures
can potentially result in phase instability of the wurtzite-type
metastable Al,_ Sc,N solid solutions!’®'] the crystal structure
and chemical composition of the film has been characterized by
high-resolution X-ray diffraction (HRXRD), time of flight sec-
ondary ion mass spectrometry (ToF-SIMS), and STEM meth-
ods. X-ray diffraction (XRD) analysis from the single crystalline
film demonstrates Al,_Sc, N c-axis texture with a narrow rocking
curve full-width at half maximum of 252 arcsec (Figure S1, Sup-
porting Information) and showed no secondary reflections from
secondary crystal orientations or phases. The ToF-SIMS depth
profile of the 230 nm thick Al ¢ Sc, ;5N layer deposited on the n-
GaN buffer is shown in Figure S2, Supporting Information. No
fluctuations in the chemical composition along the growth direc-
tion were observed. The intensity ratio of the AlCs* and ScCs*
signals obtained in positive-ion detection mode was used to de-
termine the Sc concentration to be x = 0.13, which is in good
agreement with the determined Sc content of x = 0.15 via energy
dispersive X-ray spectroscopy (EDS) (see Section 4). Both the 12C~
and O~ signal intensities of the Al,_,Sc,N are elevated with re-
spect to those of the n-GaN layer. Carbon can be introduced as
a residual impurity in the reactor by the hydrocarbon-based pre-
cursor molecule and act as an electron trap. Sc has a high oxygen
affinity compared to that of Al and Ga and residual oxygen impu-
rities in the precursor (research grade) and/or in the reactor can
lead to higher oxygen incorporation.

In addition to the XRD analysis, which, for example, could be
unable to localize or detect coherent nanoscale cubic domains,
the present film was examined for local chemical variations with
EDS and local structural irregularities using scanning trans-
mission electron microscopy. Selected area electron diffraction
(SAED) experiments covered the complete film thickness by se-
lecting an aperture corresponding to an investigated circular area
of 250 nm in diameter. The elemental maps (Figure S3a, Sup-

Adv. Physics Res. 2024, 2300113 2300113 (2 of 8)
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porting Information) of the Pt/SiN/Al,_, Sc,N/GaN heterostruc-
ture show no variation of the Sc concentration along film growth
direction, and the average Sc content was determined as x =
0.15 by multiple EDS measurements. In agreement with XRD
data, the SAED experiments do not indicate structural variation
(Figure S3b, Supporting Information) in the probed sample vol-
ume, confirming the single-crystalline structure of the film.

2.1. Electrical Characterization

The ferroelectric nature of the heterostructure is unveiled
via current density over electric field (J — E) measurements.
Figure 1 depicts the ferroelectric current response of a Pt/SiN (10
nm)/Alj¢sScy 5N (230 nm)/GaN capacitor with a 20 um diame-
ter. The in situ-deposited SiN acts as a protection layer to prevent
the Alj¢5Sc, 15N layer from oxidation during handling.

The hysteretic current contributions typical of the wurtzite-
type ferroelectrics are clearly discernible at high electric fields
with superimposed leakage contributions.[''°) The hysteretic be-
havior of the switching event is further confirmed via record-
ing non-hysteretic currents by applying two consecutive unipolar
voltage sweeps with the same polarity (Figure 1a —black curves).
Additionally, the coercive field as well as the hysteretic area in-
crease with increasing frequency (see Figure S4, Supporting In-
formation), as is expected for ferroelectricity. The coercive field
(E. = 5.5 MV cm™ at 1.5 kHz) is in the range of what is typ-
ically reported for sputter-deposited as well as for MBE-grown
ferroelectric AlygsScy;sN thin films.'"®°) In order to compare
the leakage current of our MOCVD-derived films with sputtering
and MBE, we analyzed the current flow of the backward (post-
switching) current branch at the widest opening of the hysteretic
current contribution (as an approximation of E_) (see Figure 1b).
With #12.5 A cm™? and ~11.5 A cm~2, MOCVD and MBE have
fairly similar levels of leakage current. Sputtered films, in con-
trast, have a lower leakage current flow around the coercive field
of 7.0 A cm™2, as already pointed out in ref. [19]. The direct com-
parison of leakage current contributions in between samples can
only be done qualitatively, since they can be influenced by sev-
eral factors such as film thickness, Sc concentration, the struc-
tural quality and the chemical and electronic nature of the film—
(electrode) substrate interface.[’] Lately, also the defect concen-
tration was reported to play a key factor for leakage observed
within sputtered Al ,Sc, ;N thin film samples.[?!]

These findings lead to the conclusion that the deposition
method and the associated crystal quality (which for MOCVD-
grown films is significantly higher than for sputter-deposited
films—see structural analysis below) is not the major factor
defining the coercive field and leakage in Al,_,Sc,N solid solu-
tions. This may be due to the fact that sputter-deposited films
consist of columnar grains with diameters in the range of 5 to 30
nm, which are highly c-axis oriented.[??]. As shown in Section 2.2,
the horizontal grain size is in the same order of magnitude as
the horizontal width (10-20 nm) of the domains imaged in the
monocrystalline-like MOCVD film of this study. The coinciding
length scale of typical sputter deposited grains and the ferro-
electrically induced polarization domains can explain why, to
date, no fundamental differences in the ferroelectric response
of epitaxial and non-epitaxial wurtzite-type ferroelectrics have
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Figure 1. a) Current response of switching- and non-switching cycles measured at 1.5 kHz. Prior to the measurement, the capacitor was cycled for
2000 times, which favors the separation between leakage and ferroelectric displacement currents for this particular heterostructure—see discussion
below. The unipolar non-switching response was measured by pre-poling the capacitor to the respective polarity. b) Comparison of switching current
and leakage current contributions for MOCVD, MBE, and sputtered AIScN thin films on n-GaN.['81%]

been observed. Thus, the absence of grain boundaries in the
MOCVD-grown films (see Section 2.2) does not significantly
impact the ferroelectric behavior and grain boundaries do not
dominate the leakage mechanism of Al,_ Sc,N.

However, for this MOCVD-grown film, huge hysteretic cur-
rents at positive fields are observed when measuring as-deposited
capacitors, while for negative fields the typical ferroelectric dis-
placement current peak is present from the very first cycle (see
Figure S5, Supporting Information). In one of our recent stud-
ies, we reported on hysteretic current contributions likely aris-
ing due to domain wall formation and conduction during po-
larization inversion.?}! Also in this MOCVD-grown film, polar-
ization domain walls with horizontal components are evidenced
in the cone-like shape domain patterns by STEM analysis (see
Figure 4). However, in contrast to tail-to-tail domain walls (i.e.,
polarization direction of the adjacent domains pointing apart, re-
sulting in a negatively charged domain wall) present in 5 nm thin
films reported in our previous study,?’! in this heterostructure,
head-to-head domain walls (i.e., polarization direction of the adja-
cent domains pointing toward each other, resulting in a positively
charged domain wall) are forming during the switching process.
Such head-to-head domain-walls typically exhibit a much higher
conductivity as they can be compensated by electrons.[?*?] This
could explain the huge hysteretic leakage current contributions
observed during the first cycles. As visible in Figure S5, Sup-
porting Information, for positive fields the hysteretic area de-
creases significantly with increasing number of switching cy-
cles and the for Al,_ Sc N typical ferroelectric displacement
current peaks also appear on the positive branch after cycling
~1000 times. Positive-up negative-down (PUND) measurements

Adv. Physics Res. 2024, 2300113 2300113 (3 of 8)

of such a cycled sample, which correct for non-hysteretic leak-
age (see Figure S6, Supporting Information), suggest a remnant
polarization of P, ., = 154 pC cm™* and P, ., = 176 uC cm’
for the negative and positive branches, respectively. Thus, the
averaged P, of this MOCVD-grown AlgsScy 5N (P, = (P, ;5 +
P, ,0s)/2 = 165) is in the range of the typically reported P, values
of sputter-deposited as well as MBE-grown Al,_, Sc,N films with
similar Sc contents (P, ~ 150 p cm™2).12027] However, the asym-
metry suggests the presence of hysteretic leakage contributions
likely arising due to domain-wall conduction upon ferroelectric
switching, as discussed above. This can serve as an explanation
as to why the measured remnant polarization exceeds theoretical
expectations.

Similarly to epitaxially grown Al,_,Sc,N on M-polar GaN
templates via MBE or via sputter-deposition, the polarity of the
as-deposited state of the MOCVD-grown Al ¢sSc, ;5N is M-polar,
as evidenced by atomic resolution ABF-STEM (see Figure 3)
and via the electrical measurements presented in Figure 2.11827]
When applying an unipolar negative voltage sweep to an as-
deposited capacitor (Figure 2a, red curve), no hysteretic current
response and thus no ferroelectric switching of N-polar volume
occurs. A subsequent negative voltage sweep results in exactly
the same current response, confirming the absence of as-
deposited N-polar volume (black curve). Contrarily, as depicted
in Figures 1-3, when consecutively sweeping positive voltages
on a pristine as-deposited capacitor, hysteretic current responses
appear. The ferroelectric switching of as-deposited M-polar
volume to N-polarity at positive voltage sweeps is confirmed by
recording the current response of a subsequent negative voltage
sweep on the same capacitor: A typical ferroelectric displacement
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Figure 2. a) Two consecutive unipolar measurements performed on a pristine capacitor for negative electric fields reveal no as-deposited N-polarity. b)
First eleven consecutive unipolar measurements performed on a pristine capacitor for positive electric fields. Hysteretic currents up to the 9t voltage
pulse are visible, indicating as-deposited M-polarity which partially switches to N-polarity. ¢) Unipolar measurements for negative fields performed
subsequently to the measurement described in (b). Clearly, a polarization switch from N-polarity to M-polarity is visible, which in turn gives evidence of
prior switching from as-deposited M- to N-polarity. All measurements were performed at 1.5 kHz on capacitors with 20 um diameter.

peak appears, evidencing the prior inversion of the full volume
from the as-deposited M-polarity into N-polarity (Figure 2c).

In contrast to the typically N-polar growth of sputter-deposited
Al,_,Sc,N on non-polar templates,!) retaining the polarity of the
polar template lowers the polarization discontinuity and the as-
sociated energy at the interface. This driving force at the inter-
face favoring M-polarity in Al,_, Sc,N is likely the reason for
the formation of the head-to-head domains present in this het-
erostructure. Due to that, when switching from full M-polarity
to N-polarity, it is energetically more favorable to nucleate N-
polar inversion domains at the top-interface (Pt/SiN), with sub-
sequent domain growth toward the bottom interface (GaN). If
this polarization reversal is not fully saturated, this results in
N-polarity in the upper region of the film followed by M-polar
domains in the lower region of the film, which corresponds to
the head-to-head domain configuration confirmed by ABF-STEM
experiments. This is in strong contrast to the aforementioned
sputtered films grown on metal electrodes, with no driving force
for M-polarity from the bottom interface. This results in N-polar
residues at the latter when transitioning from M-polarity.*2%] As
a consequence, only tail-to-tail domain walls were observed.

2.2. Structural Characterization

As demonstrated in our previous works on sputtered
Al,_ Sc,N thin films, unambiguous evidence of ferroelec-
tric polarization inversion can be reliably provided by the
contrast produced by ABF-STEM.['82328] This can be achieved by
imaging the resulting unit cell inversion along the c-axis of the
film parallel to the crystallographic [2110] orientation. To under-
stand the evolution of the atomic structure of MOCVD-grown
Al 5S¢y 15N thin films subjected to large electric fields during
cycling, both the as-deposited and the switched atomic states are
compared. Unlike previous STEM investigations on sputtered
material, the superior film quality enables the direct interpre-
tation of the atomic polarization direction over large areas by
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the ABF-STEM image contrast examined in the as-deposited
capacitor structure shown in Figure 3a. This structural quality
is characterized by TEM examination showing single-crystalline
areas with negligible in-plane tilt, which is in differentiation to
in-plane tilt angles of 20-30 mrad for sputtered but epitaxial
films on GaN or the allowed free in-plane rotation systems in
the case of fiber textured films on electrode/Si substrates. This
in-plane tilt strongly limited the field-of-view for on-atomic
column STEM investigations in previous studies.[1822:23.29:30]

The center ABF-STEM  micrograph  shows the
Pt/SiN/Al)45Sc,,1sN/GaN epitaxial heterostructure and the
absence of structural defects, which would appear with darker
contrast due to electron scattering and changes of the diffrac-
tion conditions. The atomic polarization of the as-deposited
AljgsScy 5N film is determined to be M-polar growing from
the GaN interface to the top of the film, consistent with the
electrical data. Additionally, ferroelectric switching on unit cell
level of a pre-cycled (400x) capacitor was investigated as well.
Here, N-polarity is expected due to the prior application of
four consecutive unipolar positive voltage signals with E > E_.
An ABF-STEM image of such a switched film is presented in
Figure 3b, showing the appearance of cone-like contrast features
within the switched part of the thin film that are absent in the
pristine film.

Further STEM investigation of the switched film presented in
Figure 4 highlights the appearance of domains with N-polarity
extending from the top Pt/SiN interface into the bulk of the film,
providing direct confirmation for ferroelectricity in the MOCVD-
grown Al ¢ Sc, 5N film. In more detail, the single crystal qual-
ity, which is not disturbed by visible grain boundaries, allowed
the direct observation of electric-field induced structural modi-
fications, for example, inversion domains and their boundaries.
The appearance of these structures is observed in the overview
ABF-STEM micrograph (Figures 3b and 4a, center) showing the
formation of a zigzag and cone-like shaped contrast patterns in
the bottom third of the film facing the GaN interface. The con-
trast patterns start to extend in ~30-50 nm distance from the
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Figure 3. a) ABF-STEM investigation of the pristine MOCVD-grown Al g5Scg 15N layer (center image). The atomic polarization of the pristine film under
the capacitor is identified to grow completely M-polar from the bottom interface (left image) toward the top electrode (right image). b) ABF-STEM image
showing the cone-like domain pattern in the switched region of the film in direct comparison to the pristine region.

GaN interface, are 10-20 nm wide and reach up to the center of
the film. Atomic resolution ABF-STEM micrographs recorded in
the top 50 nm show the full inversion of the atomic structure to
N-polarity (Figure 4a, right). In contrast, atomic resolution ABF-
STEM micrographs recorded at the GaN interface (Figure 4a,
left) and within this 30-50 nm transition region show remain-
ing domains with M-polarity. The formation of this domain pat-
tern is expected from our observation of domain patterns in 5 nm
Al,_, Sc,N films with horizontal (cone-like) contributions.!?*! The
nucleation mechanism of the N-polar domain starts at the top
electrode and subsequently progresses into the bulk of the film,
forming cone-like shapes toward the pinned M-polar domain at
the substrate interface.

The boundaries between the M- and N-polar regions were stud-
ied in more detail by ABF-STEM. This revealed a discontinuity
of the M-polar domain displayed on the right side of Figure 4b,
which changed incrementally across four unit cells to the N-polar
configuration observed on the left side of the micrograph. In this
transition region, the N-polar double spot pattern changes to a
characteristic triplet of spots by superposition with the M-polar
double spot pattern. The ABF intensity across the transition re-
gion is evaluated from profiles centered on the atomic positions
of the metal atoms of N- (red line) and M-polar (blue line) unit
cells. Apparently, the metal atom position of the N-polar unit
cell is horizontally leveled with the nitrogen atom position of
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the M-polar unit cell, meaning the two atomic planes switched
their position along the z-direction. This corresponds to a shift
of the metal atom position by Ad ~ 0.75 A and is consistent with
experimental data on face-to-face inversion domain boundaries
in GaN.®!l However, in this observation, no direct face-to-face
boundary but subtle changes of ABF intensity between both do-
mains are displayed within the individual spots of the triple spot
pattern. The decrease in intensity of the N-polar metal atom po-
sition (red line) suggests the reduction of atom density in the
probed metal atom column (first spot) and the change to the ni-
trogen atom column of the M-polar unit cell (second spot). The
same consideration holds true for the blue profiles starting on the
N-polar nitrogen atom column, which intensity decreases in fa-
vor of the metal atom position belonging to the M-polar domain
in the upper left spot of the triplet. Hence, the view onto an in-
clined inversion domain boundary (i.e., two overlapping wedge-
like domain volumes) leading to the observed intensity distribu-
tions is suggested.

For rationalization of this assumption, a structure model
containing a regular inclined inversion domain boundary was
constructed. First, the wurtzite-type unit cell was transformed
into an orthohexagonal (P1, 5a 6b c) unit cell to create a model
with a transition region spanning four unit cells. The M-polar
cell was constructed from the N-polar cell by inversion of the
axes b and c. Next, a (110)-inclined boundary was constructed by
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Figure 4. ABF-STEM investigation of the MOCVD-grown Aljg5Sco 15N layer switched to N-polarity. a) Atomic resolution micrographs showing the
remaining M-polar domains at the GaN interface (dotted white line) and the inversion of the unit cell to N-polarity in areas toward the top electrode.
Distinct structural features are observed in the ABF-STEM image assigned to the introduction of domain walls between domains with opposite polarity.
b) ABF-STEM image of a horizontal discontinuity of the M-polar domain changing to the N-polar domain across a span of four unit cells. Intensity
profiles drawn across this transition region from left to right are centered on the metal atom position of the of N- and M-polar unit cells in each row of

atoms.

systematically deleting unit cells from the supercell, as shown
in Figure S7, Supporting Information. Next, both cells were
combined, and simulations of the ABF-contrast were conducted
along the b—c projection orientation presented in Figure 5. The
overlap of atoms in the projection direction resembles a structure
motif consisting of nitrogen and metal atom dumbbells across
the constructed transition region, similar to the low energetic
transition structure reported for AIN.32 Although the simulated
contrast distribution does not perfectly resemble the more pro-
nounced intensity within the experimentally observed triple spot
structure, the intensity profiles do provide a decent match regard-
ing the gradient of the intensity distribution across the transition
region. A similar structural motif has been lately reported in the
context of a proposed intermediate structure occurring during
polarization switching in wurtzite-type Al,_ ,B,N.**l In this
structure, the Al-tetrahedra are iteratively inverted, resulting in a
total non-polar structure and a comparable triple spot structure
in experimental and simulated STEM images of the atomic
structure. If this intermediate were spread evenly throughout
the observed transition zone, no contrast variation would have
been observed from left to right, unlike in our measurements. If,
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Figure 5. Supercell structure model of a simple inclined inversion domain
boundary viewed along the b—c plane ([2110] zone axis) and the corre-
sponding simulated image and intensity profiles.
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on the other hand, this intermediate would be stabilized with a
defined gradient of switched Al-tetrahedra across the transition
region, it would be almost impossible to discriminate between
wedge-shaped domains of single polarity or a mixed polar
intermediate structure. Nonetheless, the inclined superposition
of the two wedge-shaped polar domains is currently the most
likely explanation, especially considering that no stable non-
polar state has been predicted for Al,_,Sc,N yet.3* Still, more
experimental STEM work has to be carried out to understand the
atomic structures of the inversion domain boundaries and the
dynamics during the switching processing of Al ¢;Sc,,5sN and
wurtzite-type ferroelectric materials in general.

3. Conclusion

The ferroelectric operation of single crystal quality 230 nm thin
MOCVD-grown Al 4sSc, ;s N deposited onto a GaN template was
demonstrated. Electrical | — E measurements reveal a high co-
ercive field of E. ~ 5.5 MV cm™! at 1.5 kHz and PUND mea-
surements suggest a remnant polarization of P, = 165 uC cm 2.
The as-grown polarity of the Al 45Sc, ;5N layer was determined to
be fully M-polar. Furthermore, during the first switching cycles,
large hysteretic currents are contributing to the ferroelectric dis-
placement currents at positive fields. Both effects are most likely
related to the growth onto the M-polar GaN template. Retain-
ing M-polarity in Al;g;Scy 5N minimizes the polarization dis-
continuity at the interface. Contrarily, the introduction of polar-
ization domain boundaries with horizontal components, as ev-
idenced via STEM, implies the presence of strong polarization
discontinuities in Al gsSc, 5N along the crystallographic c-axis,
which could be suitable for current transport. Due to the driving
force for M-polarity at the interface to the GaN, these discontinu-
ities are in a head-to-head like configuration with typically asso-
ciated enhanced conductivity. Therefore, domain-wall formation
and conduction during the first switching cycles could explain
the observed high hysteretic currents. ABF-STEM investigations
of as-deposited and switched thin films resolved the evolution of
the nanostructure from a single M-polar domain state into M-
polar and N-polar domains after ferroelectric cycling of the mate-
rial. The single crystal quality of the grown film further allowed
us to image the large-scale domain pattern for the first time, due
to the absence of grain boundaries. The change of ABF-contrast
after switching revealed a predominantly cone-like domain shape
along the c-axis of the material, which is consistent with our pre-
vious observations of domain boundaries with horizontal compo-
nents in 5 nm thin Al,_ Sc N films. These cone-like structures
were identified as 2-3 nm-wide boundaries between the original
M-polar and switched N-polar regions via resolving the atomic
structure change by ABF-STEM and supercell simulation. In the
projection direction, the visible triple spot structure and the pro-
gressing change in contrast intensity across the individual spots
within the boundary region were explained by the simulation of
an inclined superposition structure. These films are ideal candi-
dates for future experiments targeting the atomic structure of the
inversion domain boundaries in more detail and in situ switching
experiments. As an outlook, the demonstration of ferroelectric-
ity in Al,_,Sc,N thin films grown by MOCVD will advance the
commencing integration of wurtzite-type ferroelectrics to GaN
as well as generally I1I-N-based heterostructures and devices due
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to its cost-effectiveness and conformal deposition on large-scale
substrates.

4. Experimental Section

A close-coupled showerhead MOCVD reactor equipped with a pro-
prietary setup for the generation of an adequate molar flow of the low-
vapor pressure scandium precursor was used for growth.331 A 230 nm-
thick AlggsScq 15N layer was grown on a 2 um-thick Si-doped GaN layer
deposited on a 4” c-plane sapphire substrate. The new Sc precursor
(EtCp),Sc(bdma) provided by Dockweiler Chemicals GmbH that, thanks
to its increased vapor pressure, allowed for increased growth rates was
employed and heated to 100 °C. Ammonia (NH;) was used as N source,
trimethylaluminum as the group 13- or IlIA-precursor. The carrier gas was
hydrogen. A 10 nm-thick SiN, in situ passivation layer was deposited on
top of the Alyg5Scq 15N to protect the layer from oxidation during ex situ
handling. The growth temperature was 1000 °C and the Sc/Al flow ratio
was 50, similar to the descriptions in previous reports.[* 4] The chemical
composition of the layers was characterized by ToF-SIMS. The ToF-SIMS
depth profile of the MOCVD-grown heterostructure was obtained in a dual
beam mode using a sputter beam of 1keV Cs* ions together with a primary
beam of 30 keV 'Bi* ions for the crater analysis. The Sc concentration was
evaluated by relating the AlCs*/ScCs* signal ratio to that of magnetron-
sputtered AIScN reference samples, previously calibrated by energy elastic
recoil detection analysis.['] The average concentration of scandium in the
AlScN layer was determined to be x = 13.4.

100 nm thick Pt was deposited on top of the heterostructure via mag-
netron sputtering (Von Ardenne CS 730S) and top-electrodes were struc-
tured via lithography and ion beam etching. Electrical measurements were
performed using an AixACCT TF Analyzer 2000. The top-electrode was
used as the drive contact and the bottom-electrode as the sense contact.
The bottom electrode was accessed via an electrically shortened large-area
capacitor. All / — E measurements were performed using a triangular volt-
age signal starting from zero volt and sweeping first through the negative
branch followed by a sweep of the positive branch. If not stated otherwise,
the J — E measurements were performed at 1.5 kHz. PUND measurements
were performed using a triangular voltage signal.

XRD analysis of the sample was performed in a Rigaku Smartlab SE
instrument (9 kW, Cu-Ka, Hypix-3000 pixel detector) equipped with a 2-
bounce Ge(220) monochromator at the incident side.

Cross-section samples were cut and extracted from the
Pt/SiN/Algg5Sco1sN/GaN capacitor structures orthogonal to the 2710
orientation and thinned to electron transparency by the focused ion-beam
(FIB) method. Final polishing with 50 eV Ar*-ions was performed using
a Model1040 NanoMill system (Fischione Instruments). Atomic scale
investigation of the local atomic polarization was conducted on a probe
Cs-corrected JEOL (ARM200F) NEOARM scanning transmission electron
microscope operated at an acceleration voltage of 200 kV. The ABF-STEM
imaging mode was chosen for the identification of low-angle scattering
nitrogen atom positions in the unit cell using a collection angle range of
10-20 mrad. Scan distortions and sample drift during image acquisition
were minimized by fast serial recording of multi-frame images, followed
by post-processing image alignment. The rigid and non-rigid image
registration of typically 12 images recorded at a scan speed of 12 us per
row was performed using the Smart Align algorithml3¢] (HREM Research
Inc.) on the DigitalMicrograph v.3.5.1 (DM) (Gatan, Inc.) software.
Fourier-filtering of non-rigidly processed ABF-STEM micrographs was
applied using a simple radiance difference filter (lite version of the DM
plug-in HREM-Filters Pro/Lite v.4.2.1, HREM Research Inc.) to remove
high-frequency noise from the post-processed image. ABF image sim-
ulations were performed using the Dr.Probe softwarel>’] and idealized
microscope parameters (semi-coherent probe, probe forming aperture
35 mrad), setting all aberrations to zero. The film stoichiometry was
determined by EDS using a dual silicon drift detector system with 100
mm? of active area each. The denoted scandium content x is defined as
the number of Sc atoms relative to the total number of metal atoms (Sc
+ Al) with an estimated uncertainty of +£0.01.
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Ultrathin Al,_,Sc,N for Low-Voltage-Driven

Ferroelectric-Based Devices

Georg Schonweger,* Md Redwanul Islam, Niklas Wolff, Adrian Petraru, Lorenz Kienle,

Hermann Kohlstedt, and Simon Fichtner*

Thickness scaling of ferroelectricity in Al;_,Sc,N is a determining factor for its
potential application in neuromorphic computing and memory devices. In this
letter, ultrathin (10 nm) Alg 75Sco 25N films that are ferroelectrically switchable at
room temperature are reported on. All-epitaxial Al 7,Sco 2sN/Pt heterostructures
are grown by magnetron sputtering onto GaN/sapphire substrates followed by an
in situ Pt capping approach to avoid oxidation of the Al 7,Sco 23N film surface.
Structural characterization by X-Ray diffraction and transmission electron

microscopy reveals the established epitaxy. The thus-obtained high-quality films
in combination with in situ capping facilitate ferroelectric switching of Al,_,Sc,N
in the ultrathin regime. The analysis of the relative permittivity and coercive field
dependence on Alg 7,S¢o 25N film thicknesses in the range from 100 nm down to

1. Introduction

The high coercive field (E.) and the high,
stable remanent polarization separate the
ferroelectric properties recently discovered
in materials with wurtzite-type structure
from classical ferroelectrics."™ This raises
hopes for particularly good scalability of
wurtzite-type-based ferroelectric devices.
In addition, the complementary metal-
oxide semiconductor compatibility and
the well-established industrial deposition
process make Al;_,Sc,N thin films highly
attractive for building novel neuromorphic

10 nm indicates only moderate scaling effects, suggesting that the critical
thickness for ferroelectricity is not yet approached. Furthermore, the deposited
layer stack demonstrates the possibility of including ultrathin ferroelectric
Al;_,Sc,N into all-epitaxial GaN-based devices using sputter deposition tech-
niques. Thus, the integration and scaling potential of all-epitaxial ultrathin
Al,_,Sc,N offering high storage density paired with low-voltage operation desired
for state-of-the-art ferroelectric memory devices are highlighted.
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computing and memory devices such as fer-
roelectric  field-effect transistors (FeFET)
and ferroelectric tunnel junctions (FTJs).>~!
Furthermore, it is expected that wurtzite-type
ferroelectrics such as Al;_,Sc,N introduce
ferroelectricity into III-N technology, result-
ing in a straightforward approach to realize,
for example, GaN-embedded memory. Such
ferroelectric  all-epitaxial all-wurtzite type
Al ,Sc,N/GaN  heterostructures  were
demonstrated recently.’™! However, a
very low film thickness of the ferroelectric layer is needed for
following the general trend of miniaturization and increasing
storage density in all of the aforementioned devices. In this con-
text, Al; _, Sc, N offers high scalability due to its high E_, making it
possible to tailor the film thickness to the ultrathin regime to
achieve reasonable memory windows and low operating
voltages.'? Furthermore, in terms of device design, ultrathin
ferroelectric films are a prerequisite for building FTJs.”)
Reducing the thickness to the ultrathin regime (<30 nm) is often
accompanied by a material-specific diminution of remanent
polarization (P,), a drastic increase of E, or results in a total loss
of ferroelectricity.****! To our best knowledge, up to now, no
thickness scaling study on ferroelectric epitaxial Al;_,Sc,N het-
erostructures was conducted. Also for nonepitaxial heterostruc-
tures, only a small number of studies were performed. Below
20 nm film thickness, measurements that suggest ferroelectricity
at elevated temperatures or indirectly through scanning nonlinear
dielectric microscopy are accessible.®'”) Very recently, partly fer-
roelectric switching of ~12 nm-thick Al; ,Sc,N was reported by
performing positive-up-negative-down (PUND) measurements at
room temperature.l®! The availability of ferroelectric sub-20 nm
films is however crucial in order to reach switching voltages in the
low-single-digit volt range that is desired for advanced circuits as
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well as sufficiently small line widths for large-scale integration.
Here we present our recent results on the thickness scaling (from
100nm down to 10 nm) of epitaxial Alyy,Scy 3N grown on epi-
taxial Pt via sputter deposition on GaN/sapphire substrates. This
epitaxial growth enables significantly better crystal properties of
Al _,Sc,N compared with previous studies on materials with
cylindrical symmetry.**1¢171%) In addition, as reported in several
studies, epitaxial growth of Al;_, Sc, N induced an improved cou-
pling coefficient and quality factor in resonators as well as a reduc-
tion of the coercive field due to strain effects."**=% In our study,
the low root mean square (RMS) roughness (see Figure S1,
Supporting Information) and the sharp interfaces combined with
an in situ Pt capping result in an improved ferroelectric response.
Consequently, we were able to record typical butterfly-shaped
capacitance-voltage (C-U) loops as well as current density over
the electric field (J-E) loops at room temperature, demonstrating
clearly distinguishable ferroelectric switching down to 10 nm
film thickness. Therefore, the general feasibility of ultrathin
Al;_,Sc, N for future device integration and low voltage operation
is demonstrated. In addition, this integration of epitaxial
ultrathin ferroelectric Al;_,Sc,N into a III-N heterostructure
further highlights the viability of introducing new functionality
into III-N-based devices.

2. Device Fabrication and Characterization
Methods

All films were grown by sputter deposition in an Oerlikon
(now Evatec) MSQ 200 multisource system on top of commer-
cially available GaN/sapphire substrates. A 12 nm-thick epitaxial
Pt layer (bottom electrode) was DC-sputtered at 500°C and
600 W under Krypton atmosphere at a deposition pressure of
5.4 x 1073 mbar. The base pressure was below 5 x 10~7 mbar.
The X-ray diffraction (XRD) measurements were carried out
using monochromatic K, radiation in a Seifert XRD 3000 PTS
system (6-26 scan) as well as in a Rigaku SmartLab diffractome-
ter (in-plane phi-scan, 6-20 scan, rocking curve). The
Al 7,S¢o 8N thin films were grown by pulsed DC cosputtering
at 450°C. Details about the process can be found in other
studies.”*?* The 10- and 20 nm-thick Al,,Sco2sN layers were
capped in situ with 100 nm-thick Pt, while 50 and 100 nm were
capped after vacuum break. The insitu Pt top electrode was
deposited at 450 °C and 400 W under Krypton atmosphere at a
deposition pressure of 6.7 x 1073 mbar after reaching a base
pressure of 5 x 1077 mbar. Square top electrodes were struc-
tured via lithography and ion-beam etching (IBE, Oxford
Instruments lonfab 300). Dry etching stopped abruptly after
detecting Sc via a secondary-ion mass spectrometer (SIMS), thus
not etching through the Aly;,Scq 5N layer. Capacitance meas-
urements were performed on a Hewlett Packard 4284 A
Precision LCR meter. High-frequency J-E loops were measured
using an AixACCT TF Analyzer 3000. A cross-section specimen
of the in situ-capped 10 nm-thick Al ;,Scy,sN sample was pre-
pared using a standard focused ion beam (FIB) procedure and
analyzed using high-resolution transmission electron micros-
copy (HRTEM, Tecnai F30, operated at 300kV, field emission
gun) and fast Fourier-transform (FFT) patterns.
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3. Results and Discussions

The current response depending on the applied electric field for
capacitors with various Aly-,Scg N film thicknesses is depicted
in Figure 1a. Ferroelectric switching peaks appear for film thick-
nesses down to 10 nm. Leakage currents commonly present in
thin Al; ,Sc,N films are emerging also in our all-epitaxial het-
erostructures.’”'>%! In this context, a comparably low tan & for
the respective film thickness was found to be crucial to ferreoe-
lectrically switch films below 20 nm film thickness before elec-
trical breakdown occurs.

Noticeably, with decreasing film thickness, an increase in the
area of the current peaks in the | — E loops as well as an increase
in the total area of the dynamic leakage current compensated
(DLCC) P — E loops (Figure S2, Supporting Information) are
visible.*! However, as discussed in the Supporting information,
the corrected P — E loops of the ultrathin films are not fully
leakage compensated, leading to unrealistically high P, values.
Thus, the apparent increase in P, with decreasing film thickness
could be due to a dynamic leakage contribution which is closely
correlated to the switching event.

The coercive field slightly increases with decreasing film
thickness. Therefore, especially for ultrathin films, we had to
increase the maximum electric field applied. This goes hand
in hand with an increase in the leakage currents as well as an
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Figure 1. a) J—E loops of Pt(100 nm)/Aly7,Sc2sN/Pt(12 nm) capacitors
deposited on GaN/sapphire templates with varying Aly7,Sco 3N film
thickness. All loops were measured at 80 kHz on 10 x 10pm? pads.
b) Relative permittivity and capacitance as a function of the applied voltage
and electric field for 10 nm-thick Alg 7,Sc 26 N. The nonswitching half loops
(red) were recorded by previously switching the capacitor to the respective
polarity. Measured on 10 x 10 pm? pads with a small signal of 0.1 V,,; at
100 kHz swept in 0.1V steps with a delay of 300 ms per step.
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asymmetry in the current response, making it hard to identify
clearly the switching peak at negative fields for the 10 nm-thick
Aly7,Scy 8N film. However, the as-deposited polarization state of
our films is nitrogen (N)-polar.”! Consequently, ferroelectric
switching at positive fields (from metal (M)-polar to N-polar)
can only result after prior switching from N-Polarity to M-polarity
at negative fields.

To further confirm ferroelectric switching of 10 nm-thick
Aly7,Sco 28N, C-U loops were recorded and are depicted in
Figure 1b. The butterfly-shaped curve (black) demonstrates dis-
tinguishable ferroelectric switching.

In addition, nonswitching half loops (red) were recorded by
measuring twice with the same polarity. No hysteretic behavior
is observed for the nonswitching half-loops, thus giving addi-
tional evidence that the butterfly-shaped hysteresis for the switch-
ing loop originates from true ferroelectric switching. Previously,
the coercive field in Al;_,Sc,N thin films was observed to be
almost independent of thickness for films thicker than
~20 nm."*1723] Similarly, in this study, E. determined via C-U
as well as via J-E loops, as depicted in Figure 2, does not change
considerably when decreasing the film thickness from 100 to
50nm. When decreasing the film thickness further to 20 nm
and especially to 10 nm, a moderate increase of the coercive field
by about 25% is observed. The difference in the coercive field
determined via C-V and J-E curves for the respective thickness
is a result of the frequency dependence of E.. In C-V loops
the electric field is swept very slowly (~20 mHz), while in J-E
loops the measurement frequency is much higher (80 kHz).

The coercive field scaling in Al;_,Sc, N is in strong contrast to
classical ferroelectrics, as illustrated in Figure 3. In the perov-
skites (e.g., BaTiOs, SrBi,Ta,Oq, PZT) E, is generally propor-
tional to d~2/3, according to the domain nucleation model

elaborated from Kay-Dunn.®”’ Dawber et al. included
8.0 T T
o i
2z sop i .
2S H z
33
g2 40[ .
) L] -
20+ X -
! ! !
g 2y —21 .2
= 18} B R
3 I $ [] 112 w
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® I 04
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Thickness (nm)

Figure2. E, ¢,, and the loss tangent (tan 5) depending on Al 7,Sco ;5N film
thickness. ¢, and tan § were measured at 100 kHz and 100 mV at 0 V bias. E,
was determined via measuring C-U loops, keeping the time for
a full sweep constant for the various film thicknesses as well as via J~E using
a sinus signal at 80 kHz. The error bars for E. and ¢, were calculated using
an estimated capacitor side-length error of 0.4 um and an estimated thick-
ness error of 5%. In addition, for E. determination via C-U loops, the step
width of the respective voltage sweep was included in the error calculation.
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Figure 3. Coercive field scaling of PZT,"*?°32 BaTiO;, SrBi,Ta,0,,
Zr-doped HfO,,** and of our Alg;,Sco25N films.

contributions from the depolarization field due to incomplete
screening at the electrodes to the Kay-Dunn model, being in
good agreement with experimental data of ultrathin films.!?®!

However, both models are apparently not able to describe the
scaling behavior of the relatively new ferroelectrics HfO, and
Al;_,Sc,N. For HfO,, the nonscaling of E, is explained by nano-
meter-scale confinement of the ferroelectric domains due to the
grain-like multiphase structure, which is independent of
film thickness.** Although the wurtzite phase of Al;_,Sc,N is
very stable and thus only one phase exists, a different domain
shape as assumed by Kay and Dunn could explain the deviations
from the classical E. scaling. However, a low to moderate
increase of E. with decreasing film thickness is observed in
our films and was reported recently also in other studies. For
nonepitaxial films, this was attributed to a change of ¢-to-a lattice
parameter ratio with decreasing Al;_,Sc,N film thickness."® As
a consequence, the internal parameter u decreased, which is
known to result in an increase of the coercive field.""
However, XRD measurements (not shown here) of our films
reveal no scaling of u. Very recently the low E_ scaling of non-
epitaxial Al;_,Sc, N down to 20 nm film thickness was related to
charge-injection effects through a very thin interfacial dielectric
layer.®**! The lowering of E, due to in situ capping of ultrathin
films, as depicted in Figure S3, Supporting Information, sup-
ports this explanation. In addition, the prevention of an oxide
layer formation in ultrathin films results in a lowering of the leak-
age currents, highlighting the improved ferroelectric response
due to insitu Pt capping.

For Zr-doped HfO,, a lower thickness limit for ferroelectricity of
5nm was found and attributed to the formation of a dead layer if
deposited on TiN or W bottom electrodes, while on a Pt bottom
electrode, the dead layer formation could be suppressed and ferro-
electric switching was demonstrated down to 2.5 nm thickness."!
On the other hand, when HfO,-based ferroelectrics become thicker
(>~250 nm), ferroelectricity becomes unstable due to the energeti-
cally more favourable paraelectric phase.*®) In general, the dramatic
degradation or total loss of ferroelectric properties in ultrathin films
due to such a nonswitching interfacial layer (dead layer®”) is typi-
cally accompanied by a decrease of &,."****# The moderate scaling
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of E. and nonscaling of ¢, with thickness leads to our conclusion
that the lower thickness limit in Al;_, Sc, N is not yet approached
at 10 nm, and stable ferroelectricity can be expected also for films
<10 nm thickness. This highlights the thickness scalability of fer-
roelectric Al;_,Sc, N, ranging from at least 600 nm down to the
single-digit nanometer range.l"

Since, together with in situ capping, the bottom Pt interface can
be considered crucial in order to obtain ferroelectric Al;_,Sc,N
films with very low thicknesses, we confirmed that our epitaxial
electrodes are of significantly better texture than what can be
expected of Pt films grown nonepitaxially over, for example,
¢-$i.l"3% The structure of Pt grown on GaN/sapphire templates
is revealed via the 6-20 scan depicted in Figure 4a. The expected
out-of-plane 111 orientation for Pt and 0002 orientation for GaN is
visible. Laue oscillations, which are sensitive to crystalline disor-
der, appear for the Pt 111 reflection.!*”!

The thus expected high crystallinity is confirmed by rocking
curve (RC) measurements (not shown here) of the 111 Pt
reflection; the full-width at half-maximum (FWHM) of 0.1° is
indicative of a strain and defect-poor crystalline phase with high
out-of-plane orientation. Furthermore, the distinct Laue oscilla-
tions allow for determining the thickness (t) of the ordered crystal
volume.*°!
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Using Equation (1), with 8; and §_, corresponding to the max-
imum of the peaks right and left from the center of the Pt 111
reflection, an average film thickness of 11 nm is determined.

The in-plane ordering was resolved by recording a phi-scan
of the nonspecular 131 Pt reflection as well as the nonspecular
01-10 Al 7,Sco 5N reflection, as depicted in Figure 4b. A sixfold
symmetry is visible, evidencing epitaxial (in-plane ordered)
growth. The expected 0002 orientation of 10nm-thick
Aly7,S¢o,8N grown on epitaxial Pt is revealed by the 6-26 scan
depicted in Figure 4c.

The intensity profile across the HRTEM micrograph of
the Pt(100 nm)/Aly,Sco25N(10 nm)/Pt(12 nm)/GaN/sapphire
heterostructure is shown in Figure 5 and film thicknesses of
10 nm for Aly7,Scy,sN and 12 nm for Pt are determined on local
average. The latter is in excellent agreement with the Pt thickness
calculated using Equation (1). The blurred interfaces present in
the HRTEM image are attributed to the finite roughness of the
heterostructure. The FFT pattern clearly reveals an epitaxial
growth for both layers.
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Figure 4. a) 6-26 scan and b) (top) smoothed phi-scan for the nonspecular Pt 131 reflection of 12 nm Pt on GaN/sapphire as well as (bottom) smoothed
phi-scan for the nonspecular Alg 7,Scq 26N 01-10 reflection of 20 nm Alg 7,Scg 25N on Pt(12 nm)/GaN/sapphire. c) 6-26 scan of the film shown in (a) after

deposition of 10 nm Aly 7,Scy,5N followed by 5 nm in situ capping with Pt.
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Figure 5. HRTEM image (right) and corresponding average thickness
profile (left) of the Pt(100 nm)/Aly7,Sco,6N(10 nm)/Pt(12 nm)/GaN/
sapphire heterostructure. In the inset, the FFT pattern for i) Alg7,Sco25N
and ii) Pt is depicted.

The FWHM of the Al;_,Sc,N 0002 RC decreases with decreas-
ing film thickness, as illustrated in Figure S4, Supporting
Information. This is in strong contrast to films grown on none-
pitaxial Pt, where an increase of the RC with decreasing film
thickness is observed.l"® Therefore, the crystal quality of the first
few nanometers of Al;_,Sc,N grown on epitaxial Pt is consider-
ably higher than if grown on nonepitaxial Pt. Thus, the epitaxial
growth in combination with the in situ capping of Al;_,Sc,N to
avoid oxidation has a significant impact on the ferroelectric
switching behavior, especially for ultrathin films.

4. Conclusion

Distinguishable  ferroelectric ~ switching of  10nm-thick
Aly7,S¢o2sN was demonstrated at room temperature. Only low-
to-moderate changes in the coercive field and constant ¢, for films
ranging from 100 nm down to 10 nm thickness were confirmed.
Thus, no indications of instabilities of the ferroelectric phase or
considerable contributions from dead layers are present.
Therefore, it is expected that further potential remains to scale fer-
roelectric Al;_, Sc,N to even lower thicknesses. This constitutes an
important step toward integrated ferroelectric wurtzite-type
thin films with low single-digit switching voltages. Thus, our
results highlight the general feasibility of using Al; ,Sc,N as
an active layer for integrated electronic devices with low operating
voltage and high storage density. Furthermore, the all-epitaxial
growth on GaN/sapphire and the thus-obtained high-quality film
and interfaces not only improve the ferroelectric response in the
ultrathin regime but also make Al; _, Sc, N highly attractive for the
integration of ferroelectric functionality into all-epitaxial III-N
devices.
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In-Grain Ferroelectric Switching in Sub-5 nm Thin

Aly;4Sco 6N Films at 1V

Georg Schonweger,* Niklas Wolff, Md Redwanul Islam, Maike Gremmel, Adrian Petraru,

Lorenz Kienle, Hermann Kohlstedt, and Simon Fichtner*

Analog switching in ferroelectric devices promises neuromorphic computing
with the highest energy efficiency if limited device scalability can be
overcome. To contribute to a solution, one reports on the ferroelectric
switching characteristics of sub-5 nm thin Al,;,Sc, ,cN films grown on
Pt/Ti/SiO,/Si and epitaxial Pt/GaN/sapphire templates by sputter-deposition.
In this context, the study focuses on the following major achievements
compared to previously available wurtzite-type ferroelectrics: 1) Record low
switching voltages down to 1V are achieved, which is in a range that can be
supplied by standard on-chip voltage sources. 2) Compared to the previously
investigated deposition of ultrathin Al,_,Sc,N films on epitaxial templates, a
significantly larger coercive field (E_) to breakdown field ratio is observed for
Aly 74Scy 26N films grown on silicon substrates, the technologically most
relevant substrate-type. 3) The formation of true ferroelectric domains in
wurtzite-type materials is for the first time demonstrated on the atomic scale
by scanning transmission electron microscopy (STEM) investigations of a
sub-5 nm thin partially switched film. The direct observation of inversion
domain boundaries (IDB) within single nm-sized grains supports the theory of
a gradual domain-wall driven switching process in wurtzite-type ferroelectrics.
Ultimately, this should enable the analog switching necessary for mimicking

the active areas of commercial devices
other than binary ferroelectric random-
access memories (FRAMs) is yet to take
place. One of the major challenges in this
context is an excess of device-to-device vari-
ability of key parameters like the thresh-
old voltage in small devices as well as the
loss of their capability to operate in an ana-
log fashion. This variability becomes pro-
nounced when the ferroelectrically active
area of a device approaches the size of the
grains inside the ferroelectric films and the
domains therein. This grain size typically
is in the range of tens of nanometers for
the fluorite-type ferroelectrics, which have
been at the focus of scientific attention in
recent years.l*) The factors contributing to
device variability are a lack of crystalline tex-
ture, stress inhomogeneities, and less than
complete phase purity, which lead to differ-
ent material parameters between different
grains.!*’l For fluorite-type ferroelectrics,
the domain size can be considered equal

neuromorphic concepts also in highly scaled devices.

1. Introduction

In recent years, ferroelectrics have become one of the main foci
of advancing semiconductor technology toward higher perfor-
mance and energy efficiency.'*] This applies especially to neuro-
morphic and in-memory computing, where the field-driven fer-
roelectric effect promises analog operation with the lowest input
power. However, the entrance of ferroelectric functionality into

to the grain size and thus has the same
lower limit of tens of nanometers, which
was shown to severely constrain analog op-
eration in highly scaled devices.!®!

Since their discovery in 2019, the new wurtzite-type ferro-
electrics have raised expectations of a possible solution to the
aforementioned issues.l”) Wurtzite-type ferroelectric films can
typically be grown phase pure, well textured and the narrow dis-
tribution of their displacement current response upon ferroelec-
tric switching promises a narrow distribution of the local ferro-
electric properties, all of which should contribute to improved
device repeatability. At the same time, wurtzite-type films can
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easily be deposited at complementary metal oxide semiconduc-
tor (CMOS) back-end-of-line (BEOL) compatible conditions, fea-
ture extreme temperature stability themselves and thicker films
are already in large-volume industrial production.'®*! Further, for
film thicknesses (d) above 100 nm, the switching kinetics of the
material can be modeled to be domain-wall motion-limited,!*°!
which suggests that more than a single state can be stored per
grain. Despite these conceptual advantages, major challenges re-
main to be solved until the material class is able to fully meet the
demands of advanced microelectronic devices. In this context, it
is highly necessary to further reduce the ferroelectric switching
voltage of wurtzite-type thin films to meet the capabilities of typi-
cal on-chip voltage supplies (in the range of 1 V), while retaining
the aforementioned advantages like phase purity and domain-
wall motion-limited switching.

In this study, we demonstrate for the first time that wurtzite-
type sub-5 nm thin (8 to 9 unit cells corresponding to 4 — 4.5 nm)
Al 7,S¢y N films sputter-deposited on silicon (Si) substrates re-
tain ferroelectric functionality with switching voltages as low as
1V and feature in-grain, nm-sized domains upon partial switch-
ing. We were thus able to reduce the switching voltage and film
thickness of films on Si by around 50% compared to literature
(5 nm thin films grown by non-BEOL compatible molecular
beam epitaxy (MBE) and ~10 nm thin films grown by sputtering
on Si).l"""13] Further, by performing atomic resolution scanning
transmission electron microscopy (STEM) on epitaxial sub-5 nm
thin Al ,,Sc,,6N films, we obtained the first images of domain
walls in any wurtzite-type ferroelectric to confirm the presence of
nm-sized domains within individual grains.

Our investigation starts with a structural as well as an electri-
cal comparison of 10 nm thin Al ;,Sc,,,N grown epitaxially on
Pt/GaN/sapphire and grown non-epitaxially on Pt/Ti/SiO,/Si to
demonstrate the improved ferroelectric properties of the lat-
ter. Further downscaling to the sub-5 nm range of ferroelectric
Al ;4S¢, 6N films grown on Si is investigated. The scaling of the
coercive voltage, including a decrease of E, below 10 nm film
thickness ultimately allowed to achieve switching voltages as low
as 1 V and is discussed in detail. Epitaxial growth was investi-
gated as well, as it allows to resolve the ferroelectric polariza-
tion reversal on atomic level in partially switched sub-5 nm thin
Al ;,S¢y 6N layers via STEM. The identification of regions with
opposite polarity inside a single grain and the necessary occur-
rence of a domain boundary in between gives first insights into
the size, shape, location, and evolution of ferroelectric domains
in Aly;,Sc,cN and potentially in the whole class of wurtzite-
type ferroelectrics.

2. Results and Discussion

2.1. Effect of Non-Epitaxial Growth on Si versus Epitaxial Growth
on GaN on the Ferroelectric Response of Al ,,Sc,,cN

For the direct integration of ferroelectric wurtzite-type films into
CMOS technology, the possibility to deposit them on Si sub-
strates without epitaxial templating is crucial. While one might
assume that epitaxial growth and thus higher interface- and film
quality will automatically result in improved electrical proper-
ties, this section motivates that the opposite can be the case for
Al,_ Sc,N.

Ad. Sci. 2023, 10, 2302296

www.advancedscience.com

This can be concluded from the electrical response as well
as from the interface quality investigations of 10 nm thin
Alj54Scy N films. In Figure 1a, the cross-sections of 10 nm
thin Al ,,Sc,,¢N films grown epitaxially on Pt/GaN/sapphire as
well as grown non-epitaxially on Pt/Ti/SiO,/Si are compared.
All films were capped in situ to prevent oxidation of the
Al ;,4Sc, 6N surface, which is crucial to obtain an undisturbed
ferroelectric response especially of <10 nm thin films, where the
thickness of the native oxide can be in the range of the total film
thickness.[116]

For the epitaxially grown film stacks, the interfaces are smooth
with an overall low surface roughness of the respective layers,
which is known to result in a reduction of the leakage currents in
capacitors.['”] Structurally, the epitaxial films with a 10 nm thin Pt
bottom electrode layer also have superior crystalline quality com-
pared to non-epitaxial ones, that is, higher c-axis texture, which
we investigate in detail in a separate work.["®! Nonetheless, the
films deposited on Si substrates exhibit more pronounced ferro-
electric switching peaks (Figure 1b). Thus, despite their higher
interface roughness and poorer interface texture compared to
the epitaxial ones, a complete polarization inversion is demon-
strated for the non-epitaxial 10 nm thin Al ,,Sc,,N grown on
Pt/Ti/Si0O,/Si, yet not for the epitaxial films. This is apparent
from the drop in current density (]) after ferroelectric switching at
the coercive field (E,) with maximum J followed by a local min-
imum before the contribution from leakage currents leads to a
further increase in J. In comparison, no local minimum is ob-
served for the epitaxial film. Although the leakage currents for the
10 nm thin epitaxial Al ,,Sc, ,,N grown on Pt/GaN/sapphire are
lower (at a fixed voltage) compared to films grown on Si, E, is
also higher and approaches the electrical breakdown field. Thus,
as demonstrated in our recent work, we were able to fully switch
the polarization of 10 nm thin epitaxial films via capacitance
versus electric field (C — E) measurements, but not via | — E
loops.!**! We attribute the improved E, of the films grown on Si
compared to the ones grown on sapphire to differences in the
respective Al ,,Sc,,,N film stress, which is well-known to result
in a shift of E,.l”) Despite the fact that both heterostructures were
grown under exactly the same Al ,Sc, ,,N deposition conditions
(same run), the thermal expansion coefficients (a,,,) of the sili-
con substrate (non-epitaxial growth - a,, = 2.6 X 107° K!) and
sapphire substrate (epitaxial growth - a,, = 7.3 x 107° K!) dif-
fer, leading to strong differences in the thermally induced film
stress after cooling down from the Al 5, Sc, 5N (@, =4.9 X 1076
K') deposition temperature at 450 °C.['-*!] The resulting strain
(€shermar) in the basal plane of Al ,,Sc,,sN can be calculated via
Equation 1.

Tyep
Eithermal = / (aﬁlm = ) AT (1)

RT

For induced epitaxial strain an in-plane lattice-misfit of ~ 4%
between Al;_,Sc,N (x = 0.38) and GaN was calculated to result
in a critical thickness of 2 nm.[??] Therefore, we do not expect
induced epitaxial strain at the Al ,,Sc,,,N/Pt interface (misfit ~
18%) for both types of substrates. Thus, in addition to the film
stress induced by grain boundaries and defects, tensile stress is
thermally induced in Al,_ Sc,N if grown on a silicon substrate

2302296 (2 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. a) TEM cross-section of 10 nm thin Alg 7,5¢g ,6N grown (top) non-epitaxially within a Pt/Alq 7,Scg ,6N/Pt/Ti/SiO,/Si and (bottom) epitaxially
within a Pt/Al 74Scq 6N /Pt/GaN/sapphire capacitor stack. Only the capacitor structures are depicted. b) The J — E loops of the capacitors depicted in

(a), measured at 100 kHz.
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Figure 2. a) | — E loops of sub-5 nm thin Aly;,Scq,6N grown on Pt/Ti/SiO,/Si measured at 100 kHz on 5 pm diameter pads. A leakage current
compensated curve (blue) by subtracting the non-switching- (red) from the switching currents (black) is included. b) C — V loop of the sub-5 nm thin
Alg 745¢o26N based capacitor described in (a) measured on a 10 uym diameter pad. Unipolar non-switching cycles (red) by measuring each branch
(positive and negative voltages) twice with the same polarity are included to stress the non-volatile nature of the permittivity enhancement due to

ferroelectricity.

(€ permar = 0.09%), while compressive stress (€,.a & —0.10%) is
thermally induced if grown on a sapphire substrate.

The ability to tune the coercive field of Al,_ Sc,N exploiting the
thermal expansion of varying substrates has also been reported
recently by Yasuoka et al.l?l In consequence, thermal induced
tensile stress extends the in-plane lattice resulting in the reduc-
tion of E,, similar to an increase in Sc concentration. To conclude,
we attribute the more pronounced ferroelectric displacement cur-
rent peak of the non-epitaxial 10 nm thin Al ,,Sc,,,N to a more
favorable position of E, compared to the onset of leakage (com-
pare the local minima in the current response) and with respect
to the breakdown strength.

Adv. Sci. 2023, 10, 2302296

2.2. Ferroelectric Properties of Sub-5 nm thin Al ,,Sc, 6N Films
Grown on Si

Next, we present and discuss the electric characterization re-
sults of sputter-deposited 8 to 9 unit cells (4 and 4.5 nm) thin
Aly,Scy 6N films grown on Si wafers. Details on the exact thick-
ness determination by using STEM can be found in Section 2.4.

In Figure 2a, ] — E loops of sub-5 nm thin Al,,,Sc, ,sN grown
on Pt/Ti/SiO,/Si are illustrated. In direct measurements (black
curve), the clear hysteresis is already indicative of ferroelectric
switching. The leakage current flow through the dielectric as
well as the displacement current contributions due to the relative

2302296 (3 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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permittivity (e,) can be separated from the hysteretic (i.e., ferro-
electric) displacement currents by recording non-switching loops
(i.e., by pre-poling the respective measured positive and negative
branch). After subtraction of the non-switching- (red curve) from
the switching currents (black curve) the typical shape of ferroelec-
tric displacement current peaks are obtained (blue curve), which
allows the extraction of E,.

The C — Vloop of the sub-5 nm thin Al ,,Sc ,,N based capac-
itor depicted in Figure 2b further confirms the ferroelectric na-
ture of the hysteretic event. A distinct butterfly-shaped loop, typ-
ical for ferroelectric switching, is visible. Clearly distinguishable,
non-hysteretic non-switching loops are depicted as well for the C
— Vloop. Furthermore, the polarization inversion of a sub-5 nm
thin film is unambiguously demonstrated by atomically resolved
STEM investigations discussed in Section 2.4. Thus, it is demon-
strated that such thin ferroelectric wurtzite-type films can be
grown by sputter deposition on oxidized silicon in a manner com-
patible with CMOS technology, which is a clear advantage over
high-temperature (>500 °C) MBE deposition processes on sin-
gle crystal templates. ('] Furthermore, the ferroelectric switch-
ing of Al ,,Sc,,¢N films grown on silicon with, for wurtzite-type
materials, record low voltages down to 1V is a major milestone
toward ferroelectric Al,_ Sc,N based future devices operable with
the on-chip voltage supply of integrated circuits.[*%]

2.3. Coercive Field Scaling in Ultrathin Al ;,Sc, ,cN

The low switching voltage down to 1 V reached in our films is
not only due to a simple reduction in thickness but also due to
the favorable scaling of E_ with thickness, which we will therefore
discuss in more detail in this section. In particular, the appear-
ance of a depolarization field (E;) and its effects on the electri-
cal response of films below 10 nm film thickness are discussed,
as is the relative dielectric permittivity—which itself is related
to the coercive field through the shape of the ionic potential
wells.l®)

In Figure 3, ] — E loops of 100 nm- down to sub-5 nm
thin Al,,Sc,,sN based capacitors are depicted. From 100 nm
down to 10 nm the coercive field is increasing with decreas-
ing film thickness, but interestingly, below 10 nm the coercive
field is significantly decreasing again, as indicated by the red
arrows in Figure 3. A comparable trend with thickness scaling
down to sub-5 nm is also observed for epitaxial films grown
on Pt/GaN/sapphire, although an almost thickness-independent
shift of AE, ~ 0.3 MV cm! is visible (see Figure S2, Support-
ing Information). As discussed in the previous section, this shift
in E_ results from the difference in thermally induced strain
(A€ 4ppmar & 0.2% for the different substrates), which fits well to
the literature where similar E_ shifts for similar strain differences
are reported.[?>2%] Thus, it is concluded that the scaling proper-
ties are rather independent of the substrate (silicon vs sapphire),
crystalline quality and associated growth modes (non-epitaxial vs
epitaxial).

A slight increase in E, with decreasing film thickness down
to 10 nm is consistent with the scaling properties reported so
far for Al,_,Sc,N.'"* Yaguoka et. al. attributed this behavior
to a change in the lattice-parameters for thinner films due to
stress gradients arising from the lattice mismatch between Pt
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Figure 3. ) — E loops of 100 nm- down to sub-5 nm thin
Alg.74S¢co,6N based capacitors deposited on Pt/Ti/SiO,/Si. All mea-
surements were performed at 100 kHz on 5 um diameter pads (<
10 nm Alg74Sco,¢N thickness) and 10 x 10 pm? pads (> 10 nm
Alg.745¢ 26N thickness). The decreasing trend of E_ with decreasing film
thickness below 10 nm is indicated by red arrows.

(2.78 A) and Al,_ Sc,N (3.22 A for x = 0.2). Despite the high lat-
tice mismatch, an epitaxial-like growth between Pt grains of the
bottom-electrode layer and Al,_ Sc, N grains is suggested, even-
tually resulting in an increase in compressive strain in the basal
plane when reducing the film thickness. In our films, the lattice-
parameters do not change significantly for thicknesses down to
10 nm. However, for sub-5 nm thickness, the Al, ;, Sc,,;N lattice-
parameters determined via STEM are a ~ 319 pm and ¢~ 505 pm
(details on the determination can be found in Experimental Sec-
tion). This implies (relative to the equilibrium a-lattice param-
eter of ~#324 pm at a Sc concentration of x = 0.26) an in-plane
compressive strain of ~1.5%.26?7] However, we measure E, to
decrease below 10 nm film thickness down to less than 2 MV
cm? in C — E curves, as illustrated in Figure 4c. This decrease
in E, below 10 nm thickness differs from the very recently re-
ported thickness scaling study down to 5 nm thin epitaxial films
grown via MBE."!) In this work, Wang et al. also attributed the
increase in E, to a stress gradient forming due to the smaller in-
plane lattice-parameter of the Mo bottom electrode compared to
the one of Al,_, Sc,N.

The reduction in the electric field necessary for switching in
films thinner than 10 nm is especially pronounced when consid-
ering the onset of the hysteresis opening in the J — E loops, as
visible in Figure 3. For sub-5 nm film thickness the hysteresis
opens at 2.1 MV cm'!, while for 100 nm film thickness, the open-
ing starts at 4.3 MV cm'!. This implies a more gradual switching
capability below 10 nm film thickness.

A decrease in E, in ultrathin ferroelectrics was reported by
Dawber et al., who included depolarization field corrections into
the Janovec-Kay-Dunn (JKD) scaling.?***] The depolarization
field resulting from a finite screening length in the electrodes
adds up to the applied electric field if the condition 4z P, > >¢,¢, E
is fulfilled. For Al,.,Sc,,.N, with a spontaneous polarization
(P) of 110 uC cm™ and electric fields up to 6 MV cm!, this
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Figure 4. a) Relative permittivity as well as loss tangent as a function of Aly 74S¢q 56N film thickness for as-deposited- and for pre-cycled (10 times) capac-
itors grown on Pt/Ti/SiO, /Si. b) Absolute change of ¢, (state with full positive polarization, 0 V bias) with cycling in dependence of the Alj 7,Scg 26N film
thickness. c) The coercive field dependence on Al 7,Scq 56N thickness for the capacitors described in (a) determined via J — E (100 kHz) and via C —
E (sweep time 20 s, small signal 100 mV and 900 kHz) loops. The coercive field determined via C — E loops is approximated by the peak positions of
the butterfly-loop. d) First ten C — V cycles of pristine capacitors consisting of 20 nm thin-, e) 10 nm thin-, and f) sub-5 nm thin Al 7,Sc( ;6N used for
determining the change of ¢, with cycling as depicted in (b). The capacitor area was 695 um? (20 nm thickness), 341 um? (10 nm thickness), and 99 um?
(sub-5 nm thickness). The drop in capacitance at negative fields for the sub-5 nm thin film depicted in (f) is due to the low and asymmetric resistivity

(see Figure S4, Supporting Information).

condition is clearly satisfied (1507 >>14). Thus, similar to what
was experimentally observed in ferroelectric PVDF films, a thick-
ness dependent depolarization field qualitatively fits very well to
the drop of E, below 10 nm film thickness in Al,_,Sc,N.3! Very
recently, it has also been demonstrated by first-principles cal-
culations that reducing the thickness of usually non-switchable
Waurtzite I1I-V semiconductors (e.g., AlSb) could result in polar-
ization switching capability (i.e., ferroelectricity), due to the de-
polarization field which scales with «1/d.[3?!

The decrease in E, in our work is also reflected in the increase
in €, below 10 nm film thickness, as illustrated in Figure 4a. In
addition, ¢, increases to even higher values after cycling, which is
especially pronounced for the thinner films (Figure 4b). A simi-
lar increase in the relative permittivity with cycling has also been
observed for the wurtzite-type ferroelectric Al,_,B,N.**l Through
analysis of the Rayleigh parameters, this increase has been re-
lated to an increase in domain-wall area compared to pristine
samples at 0 V bias. If persistent domain walls indeed form dur-
ing cycling and these domain walls extend vertically in the film,
similar to what is reported in the following section, an enhance-
ment in permittivity with lower film thickness would be a natu-
ral consequence - due to an increase in the ratio of domain-wall
area to film volume with reduced thickness. This change in the
ratio would imply a larger relative volume that is frustrated by
the domain-wall and in turn features a higher permittivity due to
shallower ionic potential.

With decreasing film thickness not only the leakage current-,
but also the hysteretic area is increasing especially for sub-5

Adv. Sci. 2023, 10, 2302296

nm film thickness, as illustrated in Figure 3. This increase in
apparent displacement current can not be explained alone by
polarization reversal, as it would imply a physically unlikely large
spontaneous polarization above 1000 pC cm~2. The enhanced
apparent polarization has therefore to be attributed to a dynamic
current contribution triggered by the polarization reversal of the
Aly,Scy 6N film. This is further supported by the fact that the
remanent polarization determined via PUND measurements!**)
can be frequency depended until it reaches saturation at frequen-
cies > 10* Hz, as depicted in Figure S3 (Supporting Information).
Currently, the most likely explanation of this behavior is the tem-
poral formation of conductive domain walls during switching.**]
For higher frequencies, the time domain walls are present in the
sample is reduced, and therefore their contribution to the appar-
ent switching polarization. As discussed above, with decreasing
film thickness, the relative domain-wall density will increase and
domains are more likely to extend from the top to the bottom
interface. Both effects can facilitate increased electrical current
to flow in the form of compensation charges for the strong
polarization discontinuity along the domain walls. This concept
of conducting domains walls is closely related to the well-known
polarization doping schemes in I1I-N semiconductors.>*3#The
model is further supported by non-switching quasi-static current
response measurements demonstrating higher conductivity of
partially switched capacitors at fields well below E,, and for both
positive and negative fields (see Figure S5, Supporting Infor-
mation). Further analysis of this effect is the focus of ongoing
work.
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Figure 5. a) ABF-STEM micrograph showing the Pt/Aly 74Scy,6N/Pt/GaN capacitor stack in cross-section. The inset shows the superimposed EDS
maps of Pt, Al, and Ga. b) Sketches of the atomic structure in the M- and N-polar state along the line of sight. c) Inverted-ABF-STEM micrograph of
the full Aly74Sc,6N layer featuring an inclined inversion domain boundary separating regions of M-polarity (upper right) and N-polarity (lower left).
Superimposed sketches of the (Al,Sc)-N dumbbells help to visualize the polarization direction. d) Intensity profile analysis of the polarization direction
of individual (Al,Sc)-N dumbbells inside the single-column frame. Profiles are always drawn from left to right (see arrows on the unfiltered single column

image); color code: M(-polarity) = pink, N(-polarity) = blue.

2.4. Atomic Scale Investigation of Ferroelectric Domains in Sub-5
nm thin Aly,,Sc,,6N

Analog-like ferroelectric switching is an elegant approach for
emulating synapses and thus a stable partially switched state
is an essential material property in the context of neuromor-
phic computing.[3*%] Hence, it is important to image and under-
stand the atomistic switching processes and the evolution of po-
larization discontinuities (i.e., ferroelectric domain walls). This
section explores the microscopic consequences of ferroelectric
switching in sub-5 nm thin Al ,,Sc, ,¢N films as well as their gen-
eral structural properties via high-resolution STEM. The main
focus of this study is the first observation of domain walls in in-
dividual Al ,,Sc, N grains in any wurtzite-type ferroelectric. In
order to clearly observe the local polarization on unit cell scale,
the analysis was conducted on an epitaxial (in-plane ordered), yet
still polycrystalline film (0002 oriented columnar grains), which
allows for direct imaging conditions because of the identical
film/substrate crystallographic orientation. An overview image
of the sub-5 nm thin Al 5, Sc, ,N film showing individual epitax-
ial grains with c-axis texture confirmed across the entire prepared
area as well as C — Eloops demonstrating the ferroelectric switch-
ing in 10 nm- down to sub-5 nm thin epitaxially grown films is
provided in Figures S1 and S6 (Supporting Information). While
previous attempts to resolve the local polarization in wurtzite-
type ferroelectrics were successful to identify the polarization di-
rection of single unit cells, the observation of domain walls has
so far been elusive.

The epitaxial nature of the heterostructure allowed for an ac-
curate thickness determination on the level of monolayers due
to the atomically sharp interfaces (c.f., Figure 1a). Despite the
columnar growth mode of sputtered films, the good structural
quality of the in-plane oriented growth enables the direct obser-
vation of the unit-cell polarity within single grains on the atomic
scale.[*!l In order to draw conclusions on the switching process it-
self (besides just confirming up and down polarization flips), the
investigated capacitor was only partially switched from the nitro-

Adv. Sci. 2023, 10, 2302296

gen (N)-polar to the metal (M)-polar state. For this, the capacitor
was pre-switched to full N-polarity by sweeping with a LCR-meter
(C — Vmeasurement) to a positive field which is high enough to
saturate the polarization reversal, with a subsequent sweep to a
negative field which is ~0.8 MV cm! below the saturation point.

The atomic scale STEM analysis of the partially switched ca-
pacitor is given in Figure 5. An annular bright-field (ABF)-STEM
micrograph of the capacitor cross-section is depicted in Figure 5a.
The individual thickness of the Pt electrodes is determined to be
about 11 and 25 nm for the epitaxial Pt bottom electrode and the
top electrode, respectively. They sandwich the Al, ., Sc,,;N layer
with a total thickness of 8 to 9 unit cells, which was determined by
counting the number of monolayers. This corresponds to 4 to 4.5
nm at a c-lattice parameter of ~505 pm. This number agrees well
with the targeted thickness, considering the deposition rate cali-
brated on thicker films. Therefore, we conclude that there is no
significant delay of film growth due to nucleation. The Sc content
was verified by EDS analysis of a ~#10x4 nm? frame to be x ~ 0.26.

Atomic scale investigations of the polar domain structure were
conducted using ABF-STEM imaging paired with multi-frame
image alignment!*?! on the partially switched Al,,,Sc,,cN film.
Here, the use of the ABF detector allows to routinely image
atomic positions of light elements such as nitrogen, which is the
crucial prerequisite to observe the polarity on the unit cell level
in ferroelectric Al,_,Sc,N.*!l Figure 5b depicts atomic models
of the N- and M-polar oriented wurtzite-type structures sketched
along the [2-1-10] viewing direction required for the investigation
of unit cell polarity. As already discussed in related work,[18:2641]
sputtered nanocrystalline films of Al,_,Sc,N exhibit small grain
diameters of 2 — 6 nm featuring an in-plane tilt between the in-
dividual grains in the order of 6° which restricts the observable
area to single grains with exact orientation to the incident elec-
tron beam.!"*! In this respect, the ABF-STEM image contrast for-
mation crucially depends on exact orientation conditions.[***] In
this investigation, the directly interpretable sample area was fur-
ther limited by 1 to 2 nm large Pt agglomerates present evenly
spaced in the center of the Al ,,Sc,,¢N layer. These Pt artifacts

2302296 (6 of 10) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) Inverted-ABF-STEM micrograph of the Al 74,Scq 5N layer featuring a horizontal inversion domain boundary separating regions of M-polarity
within the top unit cells and N-polarity in the bottom film. Sketches of the (Al,Sc)-N dumbbells assist to visualize the polarity. b) Intensity profile analysis
of the (Al,Sc)-N dumbbells inside the vertical single-column frames on the left (i) and right side (ii) of the grain. Both analyses hint toward the lateral

progression of an IDB. Profiles are drawn from left to right (see arrows) on

were introduced during sample preparation using the FIB thin-
ning method.

Individual grains with aligned zone axis orientation were iden-
tified in the Al -, Sc, ,xN layer after centering the GaN crystal lat-
tice into the [2-1-10] orientation. The unit cell polarity was iden-
tified from the non-rigidly registered multi-frame ABF-STEM
data sets, by the analyses of intensity profiles drawn across the
(AL,Sc)-N dumbbells (see Figure S7, Supporting Information, for
a demonstration on the GaN substrate). The ABF-STEM micro-
graph contrast was inverted and a color scheme (inverted-cABF-
STEM) was applied to enhance the image visibility as described in
Experimental Section. No noise filter was applied for the analysis
of intensity profiles to avoid potential artifacts by reducing the in-
formation limit. Intensity profile analysis is regularly performed
to determine the polarity of materials with wurtzite-type crystal
structure because of the strong contrast difference between metal
and nitrogen or oxygen atoms.!*

Using the described method, the presence of N-polar and M-
polar regions within a single grain is observed in Figures 5c and
6. They confirm the presence of inversion domain boundaries
(IDB) with a varying, yet always significant horizontal compo-
nent. This is highly surprising given the fact that the horizon-
tal component should give rise to an extreme polarization dis-
continuity at the domain-wall, which likely requires an as-yet-
unknown (charge) compensation or reconfiguration mechanism
for stabilization. The nanocrystallinity of the film and thus the in-
depth superposition of slightly in-plane rotated grains resultin a
less clear contrast compared to the single crystal material, for ex-
ample, GaN. Furthermore, the expected 3D shape of the domains
within the single grain itself adds certainly an additional level of
diffusion to the atomic images and complicates the identification
of the exact location of the IDB. On the other hand, the slightly
in-plane rotated grains ( 6°) permit to focus on individual grains
and reduce the interference to neighboring grains in-depth di-
rection with a potentially different polarization state. Generally,
M-polarity is clearly identified in the upper region in the inverted-
ABF-STEM images, while the remaining N-polarity is predomi-

Adv. Sci. 2023, 10, 2302296

the unfiltered image; M (-polarity) = pink, N(-polarity) = blue.

nantly located at the bottom interface. Figures 5d and 6b present
the aforementioned profile analysis along the highlighted vertical
atomic columns showing a clear N-polar (blue profiles) polariza-
tion near the bottom interface and a switch to M-polarity (pink
profiles) closer to the upper interface. At the position of polariza-
tion inversion from N- to M-polarity (the profiles are drawn in
the scheme “up-down” starting left of the (Al,Sc)-N dumbbell),
the alternating dumbbell orientation (and so the drawn profiles)
is intercepted, hence the polarity abruptly inverses to the M-polar
state following an “up-down-down-up” scheme as indicated by
the arrows. This change of the polarization within the sub-5 nm
grains indicates that even in very thin films with grain diameters
in the single-digit nanometer range, Al,_ Sc,N can still feature
more than two distinct polarization states. This suggests that the
material, and possibly the wurtzite-type ferroelectrics in general,
are potentially very suitable for multi-bit or even analog operation
in single-digit nanometer scaled devices. Further, as already as-
sumed for thicker films,[*!! the nucleation of polar inversion do-
mains switching from N to M-polarity is found to be initiated at
the top electrode interface and from there propagates toward the
bottom interface. These results demonstrate the first direct obser-
vation of IDBs in wurtzite-type ferroelectrics. From the applica-
tion point of view, the in-grain switching and small domain size is
highly attractive to address multiple states in lateral dimensions
< 10 nm?, which emphasizes the potential of Al ,,Sc,,,N for
the realization of highly scaled synapse-emulating neuromorphic
computing devices.[*?]

3. Conclusion

In summary, ferroelectric switching in sputter-deposited, 8 to 9
unit cells (4 and 4.5 nm) thin Al ., Sc, ,N grown non-epitaxially
on Pt/Ti/SiO,/Si and epitaxially on Pt/GaN/sapphire is demon-
strated. The ferroelectric nature of the switching event was in-
dependently confirmed by electric ] — E and C — E measure-
ments, as well as by STEM investigations, resolving the polar-
ization inversion at the atomic scale. This is the first report on
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a sub-5 nm thin wurtzite-type ferroelectric film switching fully
on Si which also features record low switching voltages down
to ~1 V. Both aspects can be expected to greatly aid the future
integration of the material class to advanced CMOS technology.
Despite the better structural qualities of the thin film texture and
interface structure of epitaxial films, the growth of sub-5 nm non-
epitaxial Al -, Sc,,,N on silicon results in an improved ratio be-
tween coercive- and breakdown field. Hence, the structural qual-
ity is not a limiting factor for good ferroelectric performance. E,
in our films increased only slightly with decreasing film thick-
ness down to 10 nm, while it decreased when the film thickness is
further reduced down to sub-5 nm, thereby significantly lowering
the required switching voltages. This behavior fits qualitatively
to the depolarization-corrected JKD model described by Dawber
et al.,”®] who explain the decrease in E, by the increase in the
depolarization field, resulting from the finite screening length of
the electrodes. The increasing permittivity in thinner films sup-
ports this hypothesis. The permittivity is also found to increase
with cycling, especially for thinner films, which we relate to an
increase in the relative volume of domain walls with respect to
the total film volume.

Our high resolution ABF-STEM investigation of epitaxially
grown Al ,,Sc,,¢N for the first time allowed to resolve IDBs in
a wurtzite-type ferroelectric. The resulting presence of nanoscale
domains spanning only fractions of individual nm-sized grains
suggests that domain-wall motion still limits the switching ki-
netics in wurtzite-type films thinner than 5 nm. The strong hor-
izontal component of the observed domain walls further moti-
vates the existence of a (charge) compensation mechanism for
the strong polarization discontinuity at the boundary.

To conclude, the given evidence of in-grain switching of sub-5
nm thin films with sub-5 nm lateral grain dimensions demon-
strates stable partial switching capabilities of extremely low vol-
umes. This switching mechanism together with the positive ef-
fects of thickness downscaling on E, that result in ferroelectric
switching voltages as low as 1 V make ferroelectric Al,_,Sc,N a
highly interesting choice for nanoscale ferroelectric synaptic
devices—as is the usage of a CMOS BEOL compatible deposition
process already used in mass-production.

4. Experimental Section

As electrodes, 100 nm thick Pt layers on a 10 nm thick Ti
seed layer sputter-deposited on SiO,/Si wafers were provided by
Fraunhofer [SIT, Germany. Epitaxy-ready templates consisting of
GaN(4 pm)/sapphire were commercially bought. The substrates
were diced into 1x1 cm? chips with prior surface protection us-
ing a photoresist. Cleaning in acetone and isopropanol using
an ultrasonic bath was performed, followed by rinsing in DI-
water. Subsequently, the non-epitaxial Pt templates were cleaned
by performing an Ar/O,-plasma-etching in a Sentech SI1100 re-
actor, details can be found elsewhere.[*] The Al ,,Sc,,cN lay-
ers as well as the bottom epitaxial Pt and the Pt top layers were
grown in-house by sputter deposition using an Oerlikon (now
Evatec) MSQ 200 multisource system, details about the pro-
cess can be found in a previous publication.'*) The epitaxial
growth on Pt/GaN/sapphire as well as the non-epitaxial growth
on Pt/Ti/SiO, /Si was obtained by using the same deposition pro-
cess. The Pt top layers were deposited in situ subsequently to

Ad. Sci. 2023, 10, 2302296
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the Aly,,Sc,,¢N deposition after reaching a base pressure of at
least 5 x 1077 mbar. Pt was choosen as electrode material due
to its high work function, resulting in a high Schottky-barrier.
This was expected to lower the leakage currents, which in turn
facilitates the investigation of ferroelectric switching, especially
in ultrathin films. Round- as well as square top electrodes were
structured with lithography and ion-beam etching (IBE, Oxford
Instruments Ionfab 300). The dry-etching was stopped right after
the loss of Pt signal, detected via a secondary-ion mass spectrom-
eter (SIMS). The capacitance and loss tangent measurements
were performed using a Hewlett Packard 4284 A Precision LCR
meter. If not stated otherwise, the small signal voltage and fre-
quency were 0.1 V and 900 kHz, respectively. The sweep time
for C — E measurements of different Al -, Sc, ;N thickness was
kept constant by adjusting the delay time between each step, as
well as the step width of the voltage sweep. The TEM investigated
sample was pre-switched by sweeping in 0.04 V steps with 100
ms delay in between. | — E measurements were performed us-
ing an AixACCT TF 3000 analyzer. A cross-section sample of the
partially switched film was extracted and thinned by the focused
ion-beam technique using a Helios600 FIB-SEM machine and
transferred into a JEOL (JEM200F) NEOARM scanning transmis-
sion electron microscope operated at 200 kV(cold-FEG). Atomic
scale investigation of the unit-cell polarity within the sub-5 nm
Al ,4Scy 6N layer was conducted using the ABF-STEM mode
with 10 to 20 mrad collection angle and a spatial resolution limit
of 70 pm. To minimize the effects of scan distortions and sam-
ple drift during image acquisition, the atomic-scale ABF-STEM
micrographs were recorded using fast serial recording of multi-
frame images followed by post-processing image alignment us-
ing rigid and non-rigid registration implemented in the Smart
Align algorithm (HREM Research Inc.) on the DigitalMicrograph
v.3.5.1 (DM) (GatanInc) software. If not stated otherwise, the
non-registered ABF-STEM images were 1) Fourier filtered by a
simple radiance difference filter using the lite version of DM
plug-in HREM-Filters Pro/Lite v.4.2.1 (HREM Research Inc.) to
remove high-frequency noise, and 2) the ABF contrast was in-
verted, a color scheme was applied and the contrast was slightly
enhanced within DM, for presentation purposes (inverted-ABF-
STEM). The in-plane and out-of-plane lattice parameters were es-
timated with +2 pm accuracy by calculating the average atomic
distance over minimum 8 and 6 unit cells, respectively, and are
compared with the as-determined lattice parameter of the GaN
substrate. For GaN, the as-determined lattice parameters are a ~
318 pm and ¢ & 521 and for Al,,Sc,,xN these are a ~ 319 pm
and ¢ ~ 505. Chemical analysis on the capacitor stack was con-
ducted using energy-dispersive spectroscopy (EDS) with a dual
silicon drift detector system with 100 mm? active area each. The
denoted scandium content x was defined as the number of Sc
atoms relative to the total number of metal atoms (Sc + Al)
with an estimated uncertainty of +0.02. Cross-section samples
of 10 nm thin Al, -, Sc,,,N based capacitor structures grown on
Pt/GaN/sapphire and grown on Pt/Ti/SiO, /Si were examined us-
ing a Tecnai F30 G? STwin microcsope operated at 300 kV.
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Chapter

Conclusion & Outlook

In this chapter, a short summary of the current work and an outlook with focus on
device applications is given. Two major topics were investigated in the course of this
doctoral thesis.

First, epitaxy and the integration of wurtzite-type ferroelectricity into III-N technol-
ogy was addressed. The epitaxial sputter-deposition of ferroelectric Aly_Sc,N grown
on single-crystal n-doped GaN /sapphire templates could be established and the de-
pendence of the electrical response on the structure was explored.[SPIT22] This was
followed by the demonstration and investigation of ferroelectricity in single crystal
Al Sc,N /GaN heterostructures grown by MOCVD.[WSS*24] Interestingly, the com-
parison between single-crystal- (MOCVD), epitaxial columnar structured- (sputtering)
and non-epitaxial Al;Sc,N thin films (sputtering) revealed that the leakage current
and the remanent polarization are in the same range and thus not directly related
to the different structural qualities. Peculiarities such as a mixed and pinned as-
grown polarity, epitaxial strain and a splitting of the ferroelectric switching peak
as well as its prevention by introducing an intermediate epitaxial Pt electrode were
investigated.[[SWT23| From the device perspective, the in-plane lattice-match of
Al ScyN (for = =~ 0.18) to GaN enables single crystal epitaxy without limitations
regarding film thickness and enhanced 2DEG properties were reported already 2 years
before the emergence of wurtzite-type ferroelectrics.[HDNT17]. In addition to that,
ferroelectricy integrated into III-N devices can allow for a reconfigurable non-volatile
threshold voltage control (non-volatile memory). Thus, the typical normally-on op-
eration in HEMTs can be tuned dynamically into the more favourable normally-off
behaviour.[YOY 23| Our fundamental studies on this heterostructures form a base
for developing functional enhanced III-N devices suitable also for harsh environment
(memory) applications, as we did not observe any destabilization of the ferroelectric
phase of Al;,Sc,N up to 1100 °C.[IWY*21] Furthermore, our study of ferroelectric
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epitaxial Alj_(ScxN grown by MOCVD[WSS*24] not only results in an extension of
the repertoire of possible deposition methods, it can also facilitate the commercialisa-
tion of ferroelectric all-wurtzite-type III-N devices, for which MOCVD is the standard
growth method.

Second, the scalability of ferroelectric Al;_,ScyN was addressed. Reducing the film
thicknesses and the lateral dimensions enables low operating voltages and high storage
densities. This not only results in a lower power consumption and lower costs per
bit (memory), but it is also required to become compatible with the on-chip voltage
supply of advanced integrated circuits, eventually facilitating the direct integration
into the latter. The scaling studies of ferroelectric Al ScyN performed during this
doctoral thesis revealed a scalability down to at least 4 nm film thickness (8 to 9 unit
cells).[SWIt23, SIF23] A clear ferroelectric response was achieved for epitaxial films
grown on Pt/GaN /sapphire as well as for non-epitaxial films grown on Pt/SiO,/Si tem-
plates, thus demonstrating the availability of ferroelectricity at such low film thicknesses
for ITI-N- as well as for silicon-technology. STEM investigations of a partially switched
4 nm thin film visualize the involvement of polarization domains in the switching pro-
cess and demonstrate stable partial switching capabilities also of ultralow volumes (5
x 5 x 5 nm?). A decrease of the coercive field below 10 nm film thickness was linked to
depolarization field effects arising due to the finite screening length of the electrodes,
which eventually allowed for a switching voltage of 1 V at 4 nm film thickness and
demonstrates the compatibility to the on-chip voltage supply of advanced ICs. Sur-
prisingly and contrary to reports on classical ferroelectrics, an increase in the apparent
remanent polarization with decreasing film thickness was observed. This, together with
the via STEM visualized inclined domain walls present in MOCVD-grown as well as
in sputter-deposited Al Sc,N thin films, strongly suggests contributions from con-
ductive domain walls upon ferroelectric switching.[SWIT23, WSS*24| This additional
hysteretic currents which add up to the ferroelectric switching currents may allow for
more aggressive scaling (e.g. in FeRAM due to a larger effective current response), as
well as domain wall conduction in general allows to address additional device concepts

such as two-terminal ferroelectricity-based memristive devices.

To conclude, these results highlight the suitability of ferroelectric Al;_,Sc,N for
next-generation memory devices operable also in harsh environments and capable of
addressing neuromorphic concepts as well as in-memory computation. However, the
comparably low cycling endurance and the presence of leakage currents at high electric
fields limits the device performance in certain potential applications that require a large
number of write-operations. Nevertheless, considering the short history as well as the

at the moment of writing high interest of the ferroelectric community in wurtzite-type
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ferroelectricity, research resulting in improvements of endurance and leakage can be

expected.
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In-Grain Ferroelectric Switching in Sub-5 q q q q q q

nm Thin A10.74SCO.26N Films at 1 V

Table 5.1: Own contributions for the respective article. H denotes High-, M denotes Medium-

an L denotes Low contribution.
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Figure S1. Relative permittivity in dependence of electric field for 50 nm thick Alg7,Sco2sN
on n-GaN. In black the full loop shows a rather complex hysteresis at negative fields due to an
expected depletion at the Aly72Sco28N/n-GaN interface as discussed in section 3. To confirm
ferroelectric switching at both sides, unipolar non-switching half-cycles were measured by
pre-switching the film to the respective polarity and are depicted in red.

M

1 1 | 1 | |

(@) (b)

(G\ 30 50| H I | | ‘G\
. i — .

5 25 1 105 1z &
< 20 [| 250 Hz — <
= | | 750 Hz =
g 10 1000 Hz | g
3 5 H1500 Hz — =
€ IS
o o
5 5
(@] Q

AN
(@]

-8 I N N
8 6 -4 -2 0 2 4 8-7-6-5-4-3-2
Electric field (MV cm™) Electric field (MV cm™)
Figure S2. a) Uncorrected J-E curves measured at different frequencies for 100 nm thick
Alp72Sco28N. b) Zoom-in of the switching cycles for negative fields. With increasing

frequency, the peak height is increasing as well as the peak center is shifting to higher
absolute fields.
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Figure S3. Uncorrected J-E loops of a 100 nm thick Al 72S¢o2sN on n-GaN sample measured

a) through contacting the bottom electrode (n-GaN) via Ag and b) through contacting two
capacitors in series and keeping the bottom electrode (n-GaN) floating.
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Figure S4. DLCC (1 kHz) J-E curves for different Alp72Sco2sN thicknesses. ‘Peak A’ (lower
coercive field) disappears at 30 nm film thickness. For clearer peak separation only the
negative part of the cycle is illustrated. Leakage compensation was calculated using
measurements at 1 kHz and 2 kHz.
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Figure S5. Unipolar measurements on pristine Alg72Sco.2sN capacitors to determine the initial
polarization state in dependence of the film thickness for a), d) 50 nm, b), €) 40 nm and c), f)
30 nm thick films.

The unipolar measurements at negative fields in Figure S5 compare the first- versus the

second voltage signal applied to as-deposited capacitors with a), 50 nm b), 40 nm and c), 30

nm Alg72Sco2sN film thickness. The first negative voltage applied (orange) switches as-

deposited N-polar regions to M-polarity, while the current response from the second applied

negative voltage (green) represents leakage currents. For the films with 50 nm and 40 nm

thickness, switching of as-deposited N-polarity is still observed, while for the film with 30 nm

thickness no significant difference between switching and leakage cycle is measured, meaning

the latter film is fully M-polar after deposition. The positive loops in Figure S5 differentiate

between the first unipolar positive switching cycle (orange) on as-deposited capacitors and a

positive unipolar switching cycle (black) after pre-switching the capacitor to full M-polarity
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by applying a negative voltage above the coercive field. The first applied positive voltage
therefore switches the as-deposited M-polar regions to N-polarity, while the fully switching
cycle inverts the fully M-polar film to N-polarity. Clearly, the area of as-deposited switching
peaks converges to the area of the fully switching peaks with decreasing film thickness. Thus,
at ~30 nm film thickness a horizontal inversion from as-deposited M-polarity to N-polarity is
expected.
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Figure S6. a) Negative and b) positive unipolar measurements on pristine 100 nm
Al g1Sco 19N capacitors to visualize the as-deposited polarization. As-deposited M- and N-

polar regions are present also in lattice-matched films and are therefore not bound to different
strain regimes.

Figure S7. SEM image of the 300 nm Aly 72Sco.2sN sample. The overall grain structure
including four protruding grains is visible. The grain size is significantly lower than the grain
size of Al ScyN deposited on Pt/Si.[?%)

122



Appendiz

WILEY-VCH
(a) (b)
t}JE 25 I I I T T T & 600
Ll 10x10 pm — i e
S 297 2505m — G 400
< 151 35x35um 7 2 200
= 10 | 50x50 pm — - ~
w — c 0
% 5 L 00x100 pm B S
g or ] 'g 20 Radiant —
?:3) ol V | | L 1 ] % e TIT-Ana!yzer‘—
3 -10 o -600
-8 6 -4 -2 0 2 4 6 8 6 4 -2 0 2 4 6
Electric field (MV cm™) Electric field (MV cm™)

Figure S8. a) J-E loops for 200 nm thick Al 7,Sco 28N on n-GaN measured on different
capacitor areas. b) P-E loops for 100 nm thick Alg72S¢o2sN on n-GaN measured with a TF-
Analyzer 2000 (red) and a Radiant Precision Premiere |1 ferreoelectric tester (black). All

loops were measured at 1.5 kHz.

The J-E loops presented in Figure S8a illustrate the independence of the displacement current
response on the capacitor area. Thus, the appearing peak splitting at negative fields is not
arising from fringing fields, which may ferroelectrically switch areas outside of the top
metallization area. In Figure S8b P-E loops recorded via two different measurement devices
are compared. Clearly both measurement devices reveal a broadening of the switching regime
as well as the occurrence of the double-peaks (different slopes after switching starts) at
negative fields. Therefore, the appearance of the double-peaks is not a measurement artifact
originating from measurement-setup related issues. The higher polarization visible in the
Radiant measurement at positive fields is a consequence of the higher maximum voltage
leading to higher leakage currents (the P-E representation was chosen since the Radiant

device features hardware integration of the displacement current and thus gives the

polarization as its direct output).
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Atomic Force Microscopy: Pt and Al 7,5¢,,sN on GaN and Si substrates:
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Figure S1: AFM surface profile with corresponding rms roughness values of (a) epi-Pt and Aly;,Sco N on

GaN/Al,O; substrates, (b) Fiber textured Pt and Aly7,5¢o 25N on Si substrates.
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Rocking curve Pt 222:
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Figure S2: Epi-Pt on GaN/Al,Os: (a) Pt 222 w-FWHM of 100, 50 and 10 nm epi-Pt films (b) w-scan of a 10
nm epi-Pt

Figure S2 (a) shows the Pt 222 rocking curve FWHM of 10, 50, and 100 nm epi-Pt on GaN/Al,O3
substrate. The statistics clearly demonstrate that the crystalline quality improves as the epi-Pt
electrode thickness decreases from 100 to 10 nm. In S2 (b), the w-scan of Pt 222 reflection
further reveals the highly crystalline and slightly disordered regions.
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Polarization-Electric field (P-E) response of w-Alg 7,5¢,.2sN on epi-Pt/GaN and Pt

on Si substrates
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Figure S3: P-E response of Aly7,S¢q,sN 100 nm at 5 kHz measurement frequency on (a) 100 (magenta),
50 (red), and 10 (blue) nm epi-Pt on GaN/Al,Os, (b) 10 nm Alg7,Sco.,sN on epi-Pt/GaN/Al,O; (blue) vs.
Pt/AIN/SiO,/Si (gray), (c) 10 nm epi-Pt/GaN/Al,Os (blue) vs. 100 nm Pt/Ti/SiO,/Si (black). (d-e-f)
Corresponding Positive up negative down (PUND) measurements of (a-b-c).

Figure S3 (a) shows the polarization hysteresis loop at 5 kHz. The effect overestimation of the
polarization due to leakage can be observed clearly for 100 nm Al 7,S¢o 23N on 50 and 100 nm epi-
Pt/GaN/Al,O;. From S3 (b-c) P-E loops of the 100 nm Aly7,S¢o.,sN on 10 nm epi-pt or 100 nm fiber
textured Pt on Si are relatively less affected by leakage. However, still lacks required accuracy correct P,
estimation. Figure (d-f) shows the PUND corrected loops at the same measurement frequency. This
measurement removes the switching independent leakage current, however the effect of switching
induced leakage current still affects the overall polarization, therefore causes overestimation of real P,
values. This effect is frequency dependent and can be minimized by measuring at higher frequency.!

In-plane RSM 20 nm Al 7,S¢, 25N/ epi-Pt/GaN/Al,O; (w = 0.7°):
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Figure S4: In-plane RSM of 20 nm Al 7,5¢,.sN on 10 nm epi-Pt/GaN/Al,Os. (a) RSM with incident angle
w=0.7°. Cutlines through the reflection center are marked as (i) and (ii).
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To provide further validity of our fitting in 5 (d)-i in-plane RSM measurements was taken of the
same specimen at higher w = 0.7° incident angle. This result further clarifies the position and
the intensity spread of the GaN 10-10 reflection. Inside the reflection intensity distribution at S3
(a) the sharp spot (marked in red “x”) belongs to GaN 10-10 reflection. The diffused intensity
distribution aligned at the lower 20x-¢ value is originating from the 20 nm top Alg7,5¢o.2sN thin
film. The maximum GaN intensity was extracted from the RSM (S3-i) at 26-x¢ = 32.46°, yielding
an in-plane lattice parameter of 3.183 A. This value is fairly consistent with the literature.?
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In-plane RSM 30 nm Al 7,S¢,,sN/GaN/Al,O;:
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Figure S5: (a) In-plane RSM of 30 nm Aly 7,Scq 25N grown directly on GaN at incident angle w = 0.5°.
Cutlines through the reflection center are marked as (i) and (ii).

Figure S4 shows a fully strained epitaxial 30 nm Alg 7,5¢0 23N grown directly on n-GaN/Al,O3
substrate. The effect of the strain is clearly visible from the much narrower intensity
distribution compared to Figure 5 (a) and S3 (a) along ¢-axis. This much narrower intensity
spread indicates a much lower mosaicity (in-plane texture) of the strained Alg 7,5S¢q »gN film
compared to the same film grown with epi-Pt electrodes. Due to compressive strain from the
GaN substrate to the Al 7,Sco 28N, both GaN and AIScN 10-10 reflections almost overlaps
causing a mixed intensity profile in both 20x-¢ and ¢ direction. Fitting of the ¢-reflection with 2
peaks (GaN and AIScN 10-10) yield the mosaicity around 0.82° for epitaxially grown 30 nm
Aly.725¢o.2sN on GaN.
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Table S1

(a) Epitaxial Pt and w-Alg 755¢g 28N GaN/Al, O3 substrates

Epi-Pt Roughness Standard | Average | Alg7,S¢o2sN | Roughness Standard | Average

thickness [nm] deviation | Grain thickness [nm] deviation | Grain
[nm] size [nm] [nm] size

[nm] [nm]

100 1.43 0.039 30 100 1.43 0.008 31

50 0.98 0.011 24 100 1.10 0.002 26

10 0.48 0.007 10 100 0.56 0.001 24

(b) fiber-textured Pt and w-Alg 7,5¢q 2N on Si substrates

Pt Roughness | Standard | Average | Alg7,5¢02sN | Roughness | Standard | Average

thickness [nm] deviation | grain size | thickness [nm] deviation | grain
[nm] [nm] [nm] size [nm]

100 0.96 0.002 26 100 0.99 0.005 26

10 0.41 0.008 10 100 0.45 0.003 10

Table S1: Roughness and average grain size of (a) Epitaxial Pt and Aly7,5¢o.sN on GaN/Al,O; substrates.
(b) fiber textured Pt and Aly7,Sco.2sN on Si substrates. Roughness measurement errors are given as
standard deviations.
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Table S2
(a) w-Algy725¢o,sN/Epi-Pt on GaN
Pt Pt 111, FWHM- Pt 222, FWHM- Aly725€o28N | Aly7,SCo2sN | FWHM-
thickness XRC- Error [%] | XRC- Error [%] thickness 0002, XRC- | Error
FWHM [°] FWHM [°] [nm] FWHM [7] | [%]
100 0.40 0.3 0.44 0.41 100 2.02 0.5
50 0.38 0.5 0.48 0.53 100 2.12 0.5
10 0.22 0.2 0.12 0.40 100 2.09 0.4
(b) W'A|0_7zsC0A23N/Pt on Si
Pt thickness XRC-FWHM FWHM-Error Aly7,5¢Co.25N XRC-FWHM | FWHM-
Pt 111 [°] [%] thickness [nm] Aly75SCco2sN | Error [%]
0002 [°]
100 1.7 0.2 100 241 0.3
10 4.3 9.5 100 2.56 0.3

Table S2: Rocking curve FWHM (a) Aly7,5¢q.2sN/Epi-Pt on GaN (b) Alg7,S¢o.,sN/Pt on Si. The pseudo-voigt
peak fitting errors are given in percentage.

(a) w-Aly7,Sco2sN on epi-Pt/GaN

Table S3

Pt thickness [nm] Al 7,S¢ 25N thickness | XRC-FWHM [°] Error [%]
[nm]

10 100 2.09 0.5

10 50 1.26 1.4

10 20 0.9 1.9

10 10 0.65 1.9

(b) W'A|0,725C0_28N on Pt/Tl/SIOz/SI

Pt thickness [nm] Aly7,S¢o.,sN thickness | XRC-FWHM [°] Error [%]
[nm]

100 20 9.00 7.2

100 100 241 0.3

Table S3: Rocking curve FWHM values for different w-Aly 7,S¢co,sN thicknesses (a) on 10 nm epi-Pt/GaN,
(b) 10 nm fiber-textured Pt on Si substrates. The pseudo-voigt peak fitting errors are given in

percentage.
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A.3 Supplementary: Demonstration and STEM Anal-
ysis of Ferroelectric Switching in MOCVD-Grown Sin-
gle Crystalline Alyg55¢¢ 15N
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Figure S1: MOCVD grown Alggs5Sco.1sN : @-scan of AlScN (0002) reflection with fwhm (in arcsec) from Pseudo-Voigt fitting.
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Figure S2: ToF-SIMS depth profiles of the MOCVD grown Al g5Sco.;5N thin film on n-GaN. The signals obtained in (a) positive-ion
detection mode were normalized to Cs,* signal to minimize the matrix effect. (b) Negative-ion mode was used to obtain 12C- and 190~
intensity signals.
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Figure S3: TEM analysis of the pristine Pt/SiN/Alp gsSco.15N/GaN heterostructure. a) HAADF-STEM micrograph of the het-
erostructure and the corresponding intensity maps recorded by EDS. b) Selected-area electron diffraction pattern recorded on the
AlpgsSco.15N layer. The analysis demonstrate the single-crystalline structure of the film showing no chemical separation nor cubic
inclusions. Sc and Si signals at the position of the Pt layer are due to the increased intensity background. The average concentration of
Sc in the layer is x = 0.15.
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Figure S4: J — E loops in dependence of measurement frequency. The coercive field as well as the peak area increases with increasing
frequencies, as expected for true ferroelectricity. Prior to the measurement, the capacitor was cycled for 2000 times.
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Figure S5: /  — E loop evolution with cycling measured at 1.5 kHz. The huge hysteretic area appearing on as-grown pads at positive
fields disappears after some tens of cycles. Further cycling shifts the coercive field towards more negative fields. On the positive side
this favours the separation between leakage and ferroelectric displacement currents and the typical ferroelectric switching peak ap-
pears.
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Figure S6: PUND corrected P — E loop measured at 1.5 kHz.
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Figure S7: Supercell approach using two orthohexagonal cells of tapered N-polar and M-polar structure models viewed onto the c-
plane. The combined superposition structure is used for simulation of the ABF scattering contrast along the b-c¢ plane.
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A.4 Supplementary: Ultrathin Al;_Sc,N for Low-
Voltage-Driven Ferroelectric-Based Devices
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Fig. SI1. Atomic force microscopy (AFM) image of 100 nm thick
Alp72Scp28N a) deposited on epitaxial Pt and b) deposited on non-epitaxial
Pt. A root mean square (RMS) roughness S; of 0.58 nm (epitaxial) and of
0.96 nm (non-epitaxial) was determined.

In Fig. S1 an AFM image (a) of 100 nm
thick  Alp72Sco2sN  deposited on all-epitaxial Pt(12
nm)/GaN/sapphire is depicted and compared to the AFM
image (b) of 100 nm thick Aly72Sc2sN deposited on a non-
epitaxial Pt(100 nm)/AIN/SiO/Si layer stack. The deposition
parameters for the 100 nm thick Aly7,Sco2sN were the same
for both templates. Furthermore, the area roughness of 12
nm thick epitaxial Pt is significantly lower than that of our
previous 100 nm thick non-epitaxial Pt (0.2 nm vs. 1.6 nm
for a 1x1 pm? area). Since the roughness determines the
electrical field profile, this could be a crucial factor for the
improvement of the ferroelectric response in ultrathin films.
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Fig. S2. Dynamic leakage current compensated (DLCC) P — E loops in
dependence of the Alp72Scp2gN film thickness.

Fig. S2 depicts DLCC P — E loops for the various film
thicknesses [1]. We prefer DLCC over PUND because of the
different leakage currents appearing for switching- and non-
switching cycles, as already discussed elsewhere [2]. Although
the leakage is compensated for films down to 50 nm film
thickness, for thinner films this is not the case. An increase
in P, with decreasing film thickness was recently related to
a decrease of the internal parameter u [3]. Latter amounts in
our 20 nm thick Aly7,Sco2gN film to 38.8 % and is similar to
the relaxed state for this specific Sc concentration [2]. Thus,

such a drastic increase of P, for films < 50 nm is unrealistic,
meaning that even with DLCC we are at the moment not able
to fully compensate for the leakage in ultrathin films.
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Fig. S3. J — E loop of in situ capped- and ex situ capped 20 nm thick

Alp72S¢028N deposited on epitaxial Pt.

Fig. S3 compares the electrical response of in situ- vs. ex
situ capped Alp72Sco2sN deposited on epitaxial Pt. Clearly
the leakage current is smaller for the in situ capped sample.
This can be explained by the absence of an oxide layer
formation which could negatively affect the barrier height
of the interface. Additionally, the coercive field is smaller
for the in situ capped sample. An increase of E. as well
as the degradation of remanent polarization for 20 nm thick
Al;xScxN was very recently attributed to the presence of
a non-switching dielectric layer, e.g. an oxide layer that is
forming if not capped in-situ [4].
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Fig. S4. FWHM of the Alp72Sco23N 0002 RC in dependence of film
thickness for our all-epitaxial Aly72Sco2sN/Pt(12 nm)/GaN/sapphire het-
erostructures.

Fig. S4 illustrates the decrease of the full-width at half
maximum (FWHM) of the Aly72Sco2sN 0002 rocking-curve
(RC) with decreasing Aly72Sco2sN film thickness. This is in
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strong contrast to films grown on non-epitaxial Pt, where an
increases of RC with decreasing film thickness is observed
[5]. Thus, the crystal quality of the first few nanometers of
Al; xSckN grown on epitaxial Pt is considerably higher than
if grown on non-epitaxial Pt. This in turn is expected to result
in distinct ferroelectric switching of ultrathin films.

(11

[2]

[31

[4]

(5]
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A.5 Supplementary: In-Grain Ferroelectric Switch-
ing in Sub-5 nm Thin Aly745¢p 96N Films at 1V
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FIGURE S1 C — E loops of 10 nm - down to sub-5 nm thin layers of Al 5,Sc,cN deposited epitaxially on Pt/GaN/sapphire.
The sweep time for each thickness was kept constant. All measurements were performed on 10 pm diameter pads. No clear
trend or €, with thickness can be observed from 10 nm down to sub-5 nm film thickness due to the error in relative permittivity
of A(g,) = 4, which mainly arises from variations in the capacitor area (nominal 10 pm diameter pads).
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FIGURE S2 The coercive field of Alj4Sc, N epitaxially grown on Pt/GaN/sapphire in dependence on film thickness. E, is
determined via J — E (80 kHz) and via C — E (sweep time 20 s, small signal 100 mV and 900 kHz) loops. The breakdown field
approaches the coercive field below 10 nm film thickness at high frequencies, thus not allowing to clearly determine E, below
that film thickness.
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FIGURE S3 The remanent polarization of a 100 nm thin Al ;,Sc, ,sN based capacitor grown on Pt/Ti/SiO,/Si in dependence of
the measurement frequency. The positive-up negative-down (PUND) method3* was used to correct for non-hysteretic leakage-
as well as capacitive currents. The P, values for positive half-loops (P) and negative half-loops (P.") are determined separately.
At higher frequencies, the displacement current due to polarization reversal increases, while leakage current flowing through
conduction paths such as through domain walls should be time independent. Therefore, the apparent remanent polarization,
which amounts to the integration over time of both currents, saturates at higher frequencies.

a) b)
T T T T #1 — EI T T T
m #2 — € 108k
= #3 6 F
g #5 S 105F
c #8 — [0] E
[0 o o
= #10 — € 10%
g Z ol :
@ <
8 3 10 3
102 [ | | I
-2 -1 0 1
Voltage (V) Voltage (V)

FIGURE $4 a) First ten C — V' cycles of pristine sub-5 nm thin Al ,4Sc(,sN based capacitors grown on Pt/Ti/SiO,/Si. b)
Resistance of the respective curves shown in a). The decrease of the resistance to values below 1 kOhm at higher negative fields
results in a capacitance drop.
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FIGURE S5 Quasi-static current response of minor non-switching loops (max. applied electric field below E,/2) of a 20 nm
thin Al 74Sc( 6N based capacitor grown on Pt/GaN/sapphire in dependence of the switching state. In the partially switched
state, the capacitor is in a low resistance mode (blue curve). When switching more and more volume towards an unipolar state
(transition from blue- to red curve, as indicated by the arrows), the resistance increases. This increase in resistance goes hand
in hand with a decrease of €,. Both effects fit well to the model of conductive domain walls forming during switching - the
domain-wall density decreases when switching the film partially towards the unipolar state and so does the current which flows
through the conductive domain walls. The voltage was swept in steps of 0.1 V with a delay time between each step of 400 ms.
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FIGURE S6 Nanoscale texture analysis of single-digit nanometer large columnar grains. a) ABF-STEM micrograph of the film
cross section with Fast Fourier Transform (FFT) showing the aligned out-of-plane Pt 111 and Al 74S¢ ,,N 0002 reflections. b)
Inverse FFT image using an aperture to filter the spatial frequencies of the GaN and Al ;,Sc ,4N out-of-plane 0002 reflections
to demonstrate the crystal size and c-axis alignment. Dotted lines indicate the position of grain boundaries.
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FIGURE S7 a) Unfiltered ABF-STEM micrograph of the GaN substrate and b) Inverted-ABF-STEM image featuring M-
polarity. Sketches of the Ga-N dumbbells assist to visualize the M-polarity. ¢) Display of intensity profile analysis of the Ga-N
dumbbells inside the vertical frame. Profiles are drawn from left to right (see arrows) on the unfiltered image; M(-polarity) =

pink, N(-polarity) = blue.
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FIGURE S8 a) Unfiltered grayscale ABF-STEM micrograph of the inverted-ABF-STEM image shown in Figure 5 including
the sketched position of the inclined inversion domain boundary. b) Profile analysis from the vertical single column frame where
the M-polar domain reaches down to the bottom Pt interface. Profiles are drawn from left to right (see arrows) on the unfiltered

image; M(-polarity) = pink, N(-polarity) = blue.
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