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New Concepts:

Strong ferroelectric response in wurtzite AIN-based materials is highly promising for non-volatile
memory applications. However, very high coercive field nearing the breakdown potential leads
to DC electrical leakage related challenges hypothesized to arise from point defects (e.g.
vacancies). Despite this, most reports focus on reactive sputtered films, in which ion
bombardment induced point defects can be difficult to control. We focus on wurtzite AIN growth
using atomic layer annealing, a remote plasma assisted atomic layer deposition process, with the
goal of lower density of electronic defects. We report an improved breakdown field in excess of
10 MV cm™. As a result of being able to apply significantly higher electric fields, we observe
ferroelectric response in pure wurtzite AIN with no intentional extrinsic alloying. Atomic layer
annealed wurtzite AIN-based films also hold significant advantages for integration with silicon-
based electronic devices.
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Investigation of aluminum nitride-based ferroelectric thin films for
non-volatile memory applications has largely focused on various
thin film solid solutions grown by reactive sputtering. The growth
process leads to significant DC electrical leakage related to mosaic
disorder and point defects in this class of materials; extrinsic
alloying elements such as scandium or boron are used to facilitate
ferroelectric switching at lower electric fields to limit these
deleterious effects. We take a different approach focusing on
growth via atomic layer annealing using a nitrogen remote
inductively coupled plasma (ICP). We demonstrate ferroelectric
behavior in nanocrystalline wurtzite aluminum nitride (AIN) films
with neither additional alloying components nor post-process
annealing grown using a 350°C CMOS-compatible growth process.
The films do not exhibit hard dielectric breakdown even under
in excess of 10 MV cme. property

using  positive-up-negative-down  (PUND)
measurements shows remanent polarization (P;) in excess of 30 uC
cm2, Piezoresponse force microscopy (PFM) DC bias poling
experiments vyield behavior consistent with ferroelectricity.
Structural characterization was performed using
Scanning/Transmission Electron Microscopy, X-ray Photoelectron
Spectroscopy depth profiling, and spectroscopic ellipsometry. An
ALD-based growth approach to ferroelectric aluminum nitride-
based films holds significant advantage from a device scaling
standpoint and provides an alternative route towards aluminum
nitride-based thin films.

electric fields Electrical

characterization

Wourtzite aluminum nitride (AIN)-based ferroelectric materials
show significant promise for applications in non-volatile
memory (NVM) devices.’'10 These materials are potentially
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compatible with complementary metal-oxide-silicon (CMOS)
processing and have extremely high remanent polarization (P,)
and coercive fields with potential for wide memory window and
high memory density devices. Compared to existing high-
performance hafnium oxide (HfO;)-based ferroelectric
materials in this application space, wurtzite AIN-based materials
hold a fundamental advantage: the ferroelectric wurtzite phase
is thermodynamically stable.!? In HfO,-based materials,
structural  transformation  between the ferroelectric
orthorhombic phase and non-ferroelectric tetragonal and
monoclinic phases during processing?? 13 and under applied
external electric fields!4-16 is hypothesized to relate to changing
ferroelectric response under electrical cycling. These
phenomena, termed wake-up? 16 and fatigue,”> 18 at the
respective beginning and end of the device cycle lifetime, are a
critical bottleneck to achieving high reliability ferroelectric
NVM. The potential to avoid these problems is perhaps the
most compelling argument for use of wurtzite AIN-based
ferroelectric materials. Wourtzite AIN-based ferroelectric
materials have their own unique challenges related to device
reliability. For example, AlScN is among the most promising and
widely studied of this class of materials;3 7. 9 10 despite
ostensibly being a wide-bandgap insulator, it is notorious for DC
electrical leakage.19-21

To clarify this apparent paradox, we note that wurtzite AIN-
based ferroelectrics, such as AIScN, are not electrical
conductors in the traditional sense of the term. At electric fields
< 1 MV cm?l, these materials are effectively insulators.
However, ferroelectric switching requires application of
external electric fields that exceed the coercive field, which for
wurtzite AIN-based ferroelectrics is very high and typically
greater than 3 MV cm™.3 22 Thus, the challenge in these
materials, more precisely, is that DC electrical leakage is high
under high electric fields.2! The problem is also convoluted by
wide-ranging reports of differing DC electrical leakage.
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We note most reports of wurtzite AIN-based ferroelectric thin
films are grown by reactive sputtering.l> 3 4 9 18 13 For NVM
applications, CMOS process compatibility is of paramount
importance for integration with Si-based electronic devices.
While some reactive sputtering processes technically satisfy the
thermal budget requirements,?3 we argue that sputtered films
cannot realistically be used for growth of an active layer of an
NVM device. From structural considerations, device scaling
requirements dictate that the growth process be capable of
reproducibly synthesizing films with thicknesses below 10 nm.
Sputtering technically satisfies this requirement, but typically
proceeds via either the Volmer-Weber or Stranski-Krastanov
growth mode.?* Such growths involve island nucleation that
leads to structural defects related to high mosaic spread?®? (e.g.,
anomalously oriented grains25 26) whose formation is largely
stochastic. From electronic property considerations, which are
arguably more important, ion bombardment induced point
defects in sputtered wurtzite AIN-based thin films2! are a huge
concern. Deleterious effects of point defects on electronic
properties remain an open question. System-to-system
variation in ion bombardment induced point defect
concentrations and spatial distributions provides one possible
explanation for wide variations in reported electrical leakage in
the literature. Atomic layer deposition (ALD) is a preferred
growth process for optoelectronic materials in the
semiconductor industry due to precise control over thickness
and chemistry and a tendency for lower density of electronic
defects at interfaces.?” There are a few reports of ALD growth
of AIN-based ferroelectric materials.28 29 ALD-
deposited AIN is typically either amorphous or very weakly

However,

crystalline.3% 31 The current work focuses on atomic layer
annealing (ALA).32 ALA is similar to ALD: sequential precursor
pulses are separated by purge pulses; however, an additional
plasma pulse is wused to facilitate densification and
crystallization of the film being grown. ALA with Ar plasma has
been previously used to successfully grow crystalline wurtzite
A|N.33, 34 35

There is recent controversy over whether pure wurtzite AIN is a
ferroelectric material.36 37 Several
ferroelectricity in pure wurtzite AIN, while for decades, it was
thought that the material was a piezoelectric material that is
non-ferroelectric.36. 3840 Careful
shows that it makes no sense: if ferroelectricity in AIScN arises
from reversible switching between N- and metal-polar states in
the wurtzite nitride crystal structure, then AIN should exhibit
the same behavior. The reason for this apparent paradox is
related to the key challenge of DC electrical leakage in wurtzite
AIN-based ferroelectrics. Because the coercive field is so high,
whether or not ferroelectricity is observed depends on whether
the coercive field can be reached before DC electrical leakage
dominates when the electric field approaches the breakdown
field. If there is sufficient separation between the coercive field
and the breakdown field, ferroelectricity can be observed in
pure wurtzite AIN.

recent reports show

examination of this claim

2| J. Name., 2012, 00, 1-3
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Here, we report ferroelectricity in nanocrystalline wyrtzite-AIN
grown using a 350°C ALA process. Th&@roWihH <SRN I880fhe
thermal budget requirements for back end of line (BEOL) CMOS
process compatibility?> and uses N, plasma instead of Ar
plasma, which is typically used in ALA processes. We perform
comprehensive structural characterization of the AIN thin films
using Scanning/Transmission Electron Microscopy (S/TEM), X-
ray Photoelectron Spectroscopy (XPS) depth profiling, and
spectroscopic ellipsometry. We probe ferroelectric behavior of
the AIN thin films using electrical property measurements and
piezoresponse force microscopy (PFM).

The growth process of AIN was designed to conform to BEOL
CMOS process requirements.23 Trimethylaluminum (TMA) and
hydrazine (N;H4) precursors were chosen based on their
compatibility with an ALD temperature window below 350°C.31
We chose N;Hs over more conventional nitrogen precursors
(e.g. NH3) due to its high reactivity at low temperatures and
tendency for increased nitrogen incorporation.3* Growth was
performed on Si(111) substrates without removing the native
oxide. Si(111) substrates with native oxide were initially cleaved
and cleaned sequentially using nitric acid (15.8 M), isopropanol,
and ethanol, followed by a DI water rinse and dried with
compressed air. Growth was also performed on 30 nm thick
electron transparent SiNy window plan-view TEM grid samples
(Electron Microscopy Sciences). Thin film growth using ALA was
performed using an Anric Technologies AT650P plasma ALD
system equipped with a remote inductively coupled plasma
(ICP). The system is pumped using a rotary vane pump (Welch,
Fomblin CRVpro 16) and has an ultimate base pressure in the
few mTorr range. ICP is chosen for control over plasma density
through plasma power without significant changes to plasma
potential and ion flux, which can lead to ion-bombardment
induced electronic defects.*! The substrate temperature was
set to 350 °C and allowed to stabilize prior to the growth. The
ALA process consists of a supercycle of 3 pulses separated by N,
carrier gas purge pulses: TMA, N3H4, and N, plasma (Fig. 1). The
TMA and NyHs precursor pulse times were set to 30 ms,
followed by purge times of 30 s and 60 s, respectively. The N,
plasma (100 W rf input power) pulse time was set to 23 s,
followed by a purge time of 17 s. N, carrier gas flow was set to
15 sccm. To probe electrical behavior of the AIN films, we

Pressure
A Conventional ALD Plasma Step

30sN,|| 60sN, 17s N,
Purge Purge Purge
— |
One Cycle Time

Fig 1. Cycle sequence of AIN deposited using N2 plasma process

This journal is © The Royal Society of Chemistry 20xx
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fabricated capacitor test structures. The degenerately doped Si
substrate was used as the bottom electrode, and circular Pt top
electrodes (120 nm thick) were then deposited through a
shadow mask with 500 um diameter holes on a square pitch in
a sputter coating system (Quorum, 150TES).

Plan-view TEM samples were characterized as-grown. Cross-
section TEM samples were fabricated using a ThermoFisher
Helios Hydra plasma focused ion beam (PFIB)/scanning electron
microscope (SEM). A regular cross section was cut using Xe* ion
source at 30 kV accelerating voltage. The ion source was
switched to Ar* after the sample was lifted out and attached to
a Cu TEM lift-out grid (Ted Pella). The sample was thinned at
successively lower beam currents and accelerating voltages,
with final thinning performed at 5 kV.

Film thicknesses of samples grown on native oxide on Si(111)
substrates were determined as a function of incident
wavelength using a variable angle spectroscopic ellipsometer
(J.A. Woolam, VB-400 with 75 W convection cooled Xe light
source and HS-190 high speed monochromator system).
Surface and bulk film composition was measured using XPS
depth profiling using a Scienta Omicron ESCA 2SR X-ray
Photoelectron Spectroscope with a monochromatic Al Ka
excitation source. XPS spectra were acquired from AIN films as-
grown and after sputter etching with a 4.5 kV 2 pA Ar*ion beam
for 0 - 60 min. Raw XPS data were processed using CasaXPS.
S/TEM characterization was performed using a probe
aberration corrected ThermoFisher Spectra 300. High
resolution TEM (HRTEM) imaging and STEM imaging were
performed at 300 kV accelerating voltage. Differential phase
contrast (DPC) imaging in STEM was performed at 145 mm
camera length using a segmented detector (ThermoFisher,
Panther). The microscope is equipped with a Super-X X-ray
Energy Dispersive Spectroscopy (EDS) silicon drift detector
system with a 0.7 sr solid angle. STEM-EDS mapping was
performed at spot size 7 (~ 150 pA beam current).

The electrical behavior of 500 um diameter capacitors were
measured using a Keithley 4200-SCS Semiconductor Parameter
Analyzer. Positive-up negative-down (PUND) measurements, in
which a negative polarity voltage reset pulse preceded two
positive voltage pulses followed by two negative voltage pulses

AlZp

100} , ’a:;
| b

80

response was obtained from the PUND data by subtracting,the
leakage/parasitic current pulses (U, D) Frdn £A& polari2ation
switching current pulses (P, N) and then integrating current with
respect to time and dividing by device area to yield polarization.

PFM DC poling experiments were performed using a Bruker
Dimension Icon atomic force microscope (AFM) equipped with
the PFM module. A 10 V drive amplitude with a 7 kHz ac bias
wave was used to probe piezoresponse amplitude and phase.
Poling was performed by applying a DC bias of +35V and —35V
in a square-in-square geometry to the AFM tip with respect to
the grounded sample chuck during a PFM scan with a 100 mV
ac bias. PFM measurements of a larger area containing the
poled regions were performed after applying DC bias to show
residual changes to piezoresponse.
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Fig. 2 Thickness dependence on growth cycles as measured by

150 350

spectroscopic ellipsometry

Spectroscopic ellipsometry was used to determine the thickness
of ALA AIN films (Fig. 2). The growth rate was determined to be
approximately 0.9 A/cycle. XPS depth profiling was used to
characterize the elemental composition of the AIN films. Figure
3 shows that the ALA AIN films are composed mainly of Al and
N. Trace amounts of C and O are found uniformly throughout
the film at ~ 4 at%. The measured Al to N ratio is significantly
less than stoichiometric at approximately 1:0.64, indicating that
the films are nitrogen-poor. Even accounting for oxygen as a
potential counterion, the Al to N to O ratio is 1:0.64:0.08. This
value is likely being affected by changes in sputter yield due to
sample geometry and matrix effects.?2 Thus, we perform
additional compositional analysis in S/TEM for a more complete

N1s O1s
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528

to probe the forward and reverse polarization and leakage
currents, respectively, were performed with triangle pulses
(rise/fall time = 100 ps, delay = 100 ps). The polarization-voltage

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Cross-section ALA wurtzite AIN thin film deposited on Si(111) (a) HRTEM, (b) FFT, (c) HAADF-STEM image, and STEM-EDS maps showing (d) Al,
(e) N, and (f) O signal intensities

picture. Despite the sub-stoichiometric Al to N ratio measured
using XPS depth profiling, we note that the N:O ratio measured
using this method is 16x higher in ALA AIN films (8:1) as
compared to aluminum oxynitride (AION) films grown using
plasma enhanced ALD (1:2),*® indicating a high degree of
nitrogen incorporation of the ALA process. High resolution XPS
core level scans after 12 min of Ar* sputtering are shown in
Figure 3b-d. The main features are a single Al 2p peak at ~ 75
eV, an N 1s peak at 397.5 eV, and O 1s peak at 532.5 eV.

Structural characterization was performed using S/TEM. We
first characterized ALA thin films grown directly on electron-
transparent SiNx window plan-view TEM grids. HRTEM imaging
(Fig 4a-b) shows randomly oriented wurtzite nanocrystals. The
lateral grain size is on the order of a few nm to ~ 10 nm. The
Fast Fourier Transform (FFT) shows, in addition to the [100]
zone axis pattern of the Si(111) substrate, the polycrystalline

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

diffraction rings from the (100), (002), (101), (102), (110), (103),
and (200) reflections of wurtzite AIN (Fig. 4c). The additional
satellite polycrystalline diffraction rings arise from dynamical
diffraction. Because the ALA AIN thin film is deposited directly
onto the electron transparent SiNx window, no additional
sample preparation is required as long as the total thickness is
less than ~ 100 nm. Thus, the HRTEM data from the plan-view
ALA AIN sample verifies that the sample is crystalline as-grown
without artifacts introduced by cross-section sample fabrication
using FIB. Furthermore, the plan-view geometry provides a view
of lateral grain/domain size that is not influenced by FIB sample
thinning.

The cross-section HRTEM image (Fig. 5a) shows the single
crystal Si(111) substrate along a [110] zone axis orientation, the
ALA polycrystalline wurtzite AIN thin film, and the protective W
cap deposited by electron- and ion-beam induced deposition in

This journal is © The Royal Society of Chemistry 20xx
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18w
Fig. 6. Atomic layer annealed wurtzite AIN thin film (a) BF STEM image and (b) inset, (c) STEM-DPC image and (d) inset.
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Fig. 7. High remanent polarization ferroelectric capacitor (a) leakage-corrected polarization-electric field characteristics, (b) PUND measurement, (c)

comparison of polarization (red circles) and leakage currents (black squares), and (d) fit of leakage current to Poole-Frenkel equation (red trace) to

experimental data (black squares)

the FIB during sample fabrication. The inset shows lattice
fringes in a wurtzite AIN nanocrystal (Fig. 5a). The FFT shows
polycrystalline diffraction rings from the (100), (002), (101),
(102), (110), (103), and (200) reflections of wurtzite AIN in
addition to the [110] zone axis diffraction pattern from the
Si(111) substrate (Fig. 5b). A high angle annular dark field
(HAADF) STEM image and STEM-EDS maps are shown in Figures
S5c-f. The Al and N signals from the ALA AIN film are
approximately uniform (Fig. 5d-e). We observe that most of the
O signal is observed in the Si(111) substrate native oxide and in
the W cap; there is very little O signal from the AIN film (Fig. 5f),
consistent with XPS depth profile data.

This journal is © The Royal Society of Chemistry 20xx

Differential phase contrast (DPC) imaging in STEM?®. 44 45 js used
to characterize ferroelectric domains (Fig. 6¢-d). In this imaging
mode, deflection of the electron beam (due to local
electromagnetic fields from polarizations, or changes in
crystallographic orientation) is measured by a segmented STEM
detector, which captures differences in scattered electron
intensity in two perpendicular component directions. The
magnitude and orientation of the deflection yields a vector,
which is represented by intensity and color, respectively.
Furthermore, while crystallographic orientation changes can
induce DPC, we emphasize that for wurtzite AIN, ferroelectric
polarization changes are fixed with respect to crystallographic
orientation changes and vice-versa. For example, rotating a N-

J. Name., 2013, 00, 1-3 | 5
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Fig. 8. Square-in-square DC poling (+ 35V) PFM (a) topographical map, (b) amplitude, and (c) phase.

polar wurtzite AIN nanocrystal by 180° not only changes
crystallographic orientation, but also changes the polarization
to Al-polar. Because atomic resolution is attained in the bright
field (BF) STEM image (Figs. 6a-b), atomic columns are also
visible in the STEM DPC image (Figs. 6¢-d) from the same region.
In addition to contrast from the atomic columns, we observe
variation in the polarization over a longer length-scale ~ few nm.
Comparing the inset of the BF STEM image (Fig. 6b) with that of
the STEM DPC image (Fig. 6d), this longer length-scale variation
of polarization is consistent with domain contrast coinciding
with grain boundaries.

Ferroelectric properties of AIN thin films were characterized
using PUND measurements at room temperature. Figure 7a
shows leakage current-corrected polarization-electric field (P—
E) characteristics of a high polarization, 35 nm thick, ALA
wurtzite AIN capacitor device with 2P, ~ 70 uC cm2. Raw P, U,
N, and D current transients with identical axes are shown for
two high polarization devices (Fig. S1, S2) and an average
polarization device (Fig. S3) in the Supporting Information. For
different PUND waveforms, we do not observe a significant
delay time dependence (Table S1). There is a significant increase
in polarization current as a function of increased pulse time
(Table S2a). This effect is avoided by using the shortest possible
pulse time allowed by the data sampling rate (triangle wave).
We attribute the increase in polarization current as a function
of pulse time to polarization-dependent leakage. If we exclude
the increase in polarization current during the constant voltage
part of a trapezoidal pulse, no significant change in polarization
is observed (Table S2b). The primary source of uncertainty in P,
is device-to-device variation; subtraction error (Fig. S1, S2, and
S3) is comparably small. Figure 7b shows the PUND
measurements from which the P—E characteristics were
constructed. AIN exhibits an average 2P, of 52 + 11 puC cm
(sample size, 20 devices) when an electric field of approximately
10 MV cmis applied. Here the high polarization device has a P,
that is approximately 70% of the theoretical remanent
polarization;® on the other hand we report extremely high
applied electric fields of 10 MV cm™ without hard dielectric
breakdown. The retention data is shown in the Supporting
Information (Fig. S4). We note that asymmetry in P—E
characteristics has been previously observed in wurtzite nitride-
based ferroelectric materials;*® we hypothesize that this imprint
effect may also be attributed to the bottom electrode.

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

However, ALA growth on other bottom electrode substrates is
beyond the scope of the current work.

Despite the high P, we observe that the PUND data shows
significant DC electrical leakage. Figure 7c shows a plot
comparing leakage current and polarization current. We
observe that the leakage current increases significantly as a
function of the external applied electric field, especially above
8 MV cm-1, and that a majority of the total current is comprised
of leakage contributions. Fitting the functional form of the
leakage current to that of Poole-Frenkel emission, or electrical
conduction mediated by trap-assisted charge carrier hopping,
yields a coefficient of determination R2 = 0.97. This result is
consistent with our assertion that the DC electrical leakage
problem in wurtzite AIN ferroelectric is not related to
conventional charge carrier transport but rather to the uniquely
high electric fields required for ferroelectric switching in these
materials. In our ALA growth process for wurtzite AIN, we have
increased the dielectric breakdown field to above 10 MV cm-1,
enabling observation of ferroelectricity in pure wurtzite AIN
without intentional extrinsic alloying components.

While there is likely contribution to electrical conduction from
multiple mechanisms, including Schottky emission and space-
charge limited conduction, the role of high switching fields and
non-stoichiometry of the films are consistent with Poole-
Frenkel emission as the primary driving force for the high
observed leakage. Additional TEM data consistent with the
presence of point defects in ALA wurtzite AIN is provided in the
Supporting Information (Figs. S5 and S6). We hypothesize that
nitrogen vacancies act as positively charged donor-like traps
that create deep Coulombic potential wells. Rapid polarity
reversal and large transient currents of high electric field
ferroelectric switching cause electrons to continually be
captured and emitted from these trap states leading to defect
driven endurance failure due to domain wall pinning and
internal field formation. This leakage current would be directly
related to both the applied electric field amplitude and
concentration of vacancies.

To further confirm ferroelectric response in ALA wurtzite AIN
thin films, we perform endurance cycling (Fig. S7a) and PFM DC
bias poling experiments. Weibull analysis of device failure is
shown in the Supporting Information (Fig. S7b). Figure 8b-c
shows the piezoresponse amplitude and phase after square-in-

This journal is © The Royal Society of Chemistry 20xx
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square DC poling at +35 V, respectively. The regions in which
poling induced changes in piezoresponse are marked in the PFM
maps with dotted rectangles. We observe higher magnitude
piezoresponse amplitude in the poled regions (Fig. 8b), while
the piezoresponse phase is reversed in the two square-in-
square regions (Fig. 8c). This corresponds to oppositely oriented
polarization domains in the AIN film. We emphasize that while
PFM mapping measurements on their own do not probe
ferroelectricity as piezoresponse is a characteristic of all
piezoelectric materials,?! the present results involve DC bias
poling experiments. When a DC external electric field is applied
to a piezoelectric material, polarization and strain increase
simultaneously, responding in concert. However, when the DC
external electric field is removed, a piezoelectric material
cannot sustain the polarization and strain. On the other hand, a
ferroelectric material has a remanent polarization (and strain)
when an external applied electric field is removed. Thus, the
PFM observations are consistent with the piezoresponse
expected from a ferroelectric material. We qualify this
observation with the caveat that artifacts related to charging or
ionic mobility can also give rise to ferroelectric behavior in PFM
measurements.*” Finally, the P, of ALA wurtzite AIN devices
exhibits little dependence on device size (Fig. S8). For larger top
electrodes, P, is largely constant, indicating that switching
charge scales with capacitor area and is not dominated by
perimeter/conductive filaments. For the smallest top electrode
size, an increase in P, is observed (Fig. S8). To rationalize this,
consider that if structural defects have a uniform spatial
distribution, then smaller top electrode devices have fewer
expected structural defects.

Though high leakage currents and sub-optimal endurance
currently limit application of high polarization ferroelectrics, the
unique memory architectures offered by their distinctive
properties warrants further investigation and refinement. In-
memory computing is one highly promising potential
application for AIN-based ferroelectric devices. Leveraging a
non-von Neumann architecture to remove the separation of the
central processing unit and memory enables significant
improvements to performance and efficiency of data-intensive
computations through the potential for fast read/write speeds
and low power switching of ferroelectric devices.*®
Neuromorphic computing is a another widely-cited application
of high polarization ferroelectrics, due to their high memory
density and wide memory window making analog storage
possible.*? 50 Another application of AIN-based ferroelectrics is
in high temperature memory. Many ferroelectric materials are
constrained by their ferroelectric to paraelectric phase
transition temperature, or Curie temperature. Ferroelectricity
has been demonstrated in AlIScN at 400°C;5! wurtzite AIN has a
theoretical Curie temperature exceeding its melting point

(~2600°C), far greater than that of conventional ferroelectrics.52

Conclusions

We have demonstrated growth of nanocrystalline wurtzite AIN
using an ALA process using N, plasma that satisfies BEOL CMOS

This journal is © The Royal Society of Chemistry 20xx

compatibility requirements. Compositional mgasuremsnts
show the films are nitrogen-poor. StructHal ¢Raraeterizatign of
the AIN films using plan-view and cross-section S/TEM clearly
shows the wurtzite crystal structure. While most wurtzite AIN-
based ferroelectric materials include extrinsic alloying
components, the present work demonstrates ferroelectricity in
wurtzite AIN with no intentional extrinsic alloying components
as measured by electrical measurements (high polarization
device, 2P, ~ 70 uC cm-2) and DC poling PFM experiments. There
is some controversy regarding this, but we consider that AIScN
and AIN are isostructural. We contend that, with sufficiently
high dielectric breakdown field, ferroelectric switching in AIN
can be achieved. With high electronic quality ALA wurtzite AIN
films, we also report ferroelectric capacitor devices that do not
undergo dielectric breakdown even at electric fields ~ 10 MV
cmLl. Our results show that ALA provides a promising route to
wurtzite AIN-based ferroelectrics devices that warrants further
study. As compared to reactive sputtering, ALD-based processes
also hold significant advantages for integration with Si-based
electronics from an application standpoint.
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