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Abstract—The ferroelectricity of scandium-doped
aluminium nitride (ScAIN) provides important
advantages, such as control over the direction of
electromechanical response, over traditional aluminium
nitride used commonly in piezoelectric micromachined
ultrasound transducers (PMUTs). Current literature
surrounding the effect of intermediate polarization
states on the piezoelectric properties of ferroelectric
PMUT devices is limited, and this paper provides an
experimentally obtained catalogue of the intermediate
polarization states between the as-deposited N-polar
and oppositely switched Al-polar states, comments on
the polarization magnitudes and subsequent impact on
PMUT resonant frequency and electromechanical
coupling coefficient ker? and observes an asymmetrical
response between the two saturated polarization states.
It is found that the device polarized in the N-polar
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direction features improved ke?, exhibiting a V-shaped response over polarization magnitude, with poorer
performance in the fully Al-polar direction. The existence of a ferroelectrically dead layer within the ScAIN film,
which retains its piezoelectric properties but is unable to be ferroelectrically switched, is experimentally examined.
By comparison with finite-element simulations, a model containing a fixed N-polar dead layer equivalent to
approximately 10% of the ScAIN film thickness and located at the bottom interface provides the closest agreement
with the measured polarization and ke asymmetries. The estimated thickness and location are obtained from
device-level measurements and model comparison rather than direct structural characterization. Additionally, the
propagation of the ferroelectric switching through the intermediate states is shown to be axial (thickness direction)

in nature, matching well with previous research.

Index Terms— Piezoelectric transducers, ferroelectric devices, piezoelectric polarization, PMUT, ScAIN,

ultrasound, microelectromechanical systems.

|. INTRODUCTION

Ferroelectricity is an extension of the piezoelectric
properties of materials, allowing for the remanent polarization
of piezoelectric materials to be altered in magnitude and
direction by an external electric field yet additionally retain this

This research was supported by A*STAR under "Piezo Specialty
Lab-in-Fab 2.0" (Grant No. 12301E0027).

Sean Jun Zhong Wong is currently a PhD student at the National
University of Singapore, Singapore 119077, and a scholar under the
Agency for Science, Technology and Research, Singapore (e-mail: stu-
wjzs@a.star.edu.sg).

Chen Liu and Yan Hong are with the Institute of Microelectronics,
Agency for Science, Technology, and Research, Singapore (e-mail:
liuc@a-star.edu.sg, hong_yan@a-star.edu.sg).

polarization after the field is removed. This is in contrast to
non-ferroelectric piezoelectric materials, which do not retain
the change to their remanent polarization after the external field
is removed and revert to their original behaviour. Different
polarization domain configurations will alter the film's elastic
and piezoelectric properties, allowing for reconfigurable or
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Highlights

o The change in piezoelectric figures of merit of 30% ScAIN as the ferroelectric polarization varies is catalogued in
this paper, with the existence, location, and impact of a ferroelectric dead layer within the film explored.

o Piezoelectric properties are strongest at the polarization saturation points in either Al-polar or N-polar directions,
with N-polar being slightly favoured due to the asymmetry of the dead layer.

o These findings allow for improved characterization and estimation of the ferroelectric polarization of ScAIN and its
effects on piezoelectric, frequency, and mechanical properties in the film.

tuneable MEMS devices, which is especially promising for in-
sensor computing.

In the field of MEMS devices, micromachined ultrasonic
transducers (MUTs) are a growing and potentially pivotal
innovation especially for the biomedical industry, particularly
due to their small form factor, low power consumption, and
their applicability in portable and flexible applications [1], [2],
[3]. Numerous potential applications have been identified for
MUTs, including but not limited to biomedical imaging [4], [5],
[6], [7], [8], [9], ultrasound therapy [10], [11], drug delivery
[12], [13], wireless powering of implantable biomedical
devices [14], [15], industrial range-finding [16], [17], [18],
[19], and reconfigurable or otherwise tuneable ultrasonic
devices [20], [21], [22], [23]. Two key designs have forked
from the MUT concept: capacitive MUTs (CMUTs) that utilize
the capacitance between two electrodes separated by a micron-
scale gap, and piezoelectric MUTs (PMUTs) that utilize an
active piezoelectric layer between the two electrodes. For
PMUTs, the piezoelectric properties of the active layer are of
utmost importance, thus a majority of previous research has
focused on the use of lead zirconate titanate (PZT) due to its
high piezoelectric constant ez, 2 [1], [24], [25], [26], [27], [28],

[29]. However, although PZT is additionally a ferroelectric
material, it is unsuitable for further exploration of spontaneous
polarization within PMUT devices due to its low coercive field,
rendering it unable to maintain a switched polarization during
device operation [30], [31].

ScAIN, an introduction of scandium into the commonly-seen
piezoelectric material AIN, is a promising and upcoming
piezoelectric material that shows practical and applicable
ferroelectric  properties once the scandium doping
concentration crosses 27% [32]. While AIN is touted as having
good qualities for sensing devices in particular due to its low
dielectric constant ¢33, it performs poorly as a transmitter due to
the low piezoelectric constant ez /2 [1], [26], [33]. With the
introduction of scandium doping, the transmissive properties of
AIN are improved with only a relatively minimal decrease to
the receiving properties, while also inheriting AIN’s lead-free
material composition and temperature compatibility with
typical CMOS processes [34]. This has resulted in a sharp
increase in the use of SCAIN in recent years for PMUT design,
especially in applications where both the transmissive and
receiving qualities are essential [35], [36], [37], [38].

In this paper, 30% scandium-doped aluminium nitride
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Fig. 1. (a) Cross-sectional PMUT device schematic; (b) Isometric 3D render of PMUT device, showing electrode connections and piezoelectric
isolation trenches; (c) Top-down optical image of PMUT device taken with laser doppler vibrometer; (d) Experiment steps shown in this paper as

well as the primary equipment or program used for each step.
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Fig. 2. (a) Example V-t plot showing the triangular pre-polarization
pulse and polarization pulse applied for 10 Hz and 50 Hz polarization
signals. The pre-polarization pulse is always kept at a magnitude of 300
V and with an opposite sign from the polarization pulse, which ranges
between 200 and 300 V; (b) Conceptual diagram of domain polarization
showing the as-deposited N-polar state and the oppositely polarized Al-
polar states of the PMUT device, as well as the intermediate state with
varying degrees of positively and negatively polarized domains.

(Sco3Alp7N) is used as the active piezoelectric material due to
its higher coercive field requirement compared to PZT,
allowing for intermediate polarization states to form and be
maintained during device operation. SCAIN has been explored
as a promising ferroelectric material as early as 2019 [32], [39].
Since then, various device designs utilizing unique properties
of ferroelectricity have been showcased by research groups,
typically using lead zirconate titanate (PZT) or scandium-
doped aluminium nitride (ScAIN) as their active materials [40],
[41], [42], [43], [44], [45]. Although research has been done

polarization switching in ScAIN [46] and the clamping effect
on such switching mechanisms [47], a numerical analysis of the
ferroelectricity on both material and device parameters has not
yet been catalogued especially for the intermediate polarization
states between the saturated end states. This paper aims to plug
this current research gap and provide device-specific research
in ferroelectric materials for use in reconfigurable or tuneable
MEMS devices. Briefly, this paper covers the methodology for
the ferroelectric polarization of a PMUT device to achieve
intermediate state poling, measurements and analysis of the
effects of the intermediate states, an exploration of the
asymmetrical response, and a comprehensive study into the
static deformation and domain propagation of the device in its
intermediate states.

Il. MATERIALS AND METHODS

As a test vehicle for the ferroelectrically-polarized
intermediate states of 30% ScAIN, a 350 pm cavity radius
PMUT structure with the piezoelectrically-active stack
schematic shown in Fig. 1(a) is used. This unimorph PMUT
stack consists of a 720 um silicon structural layer, 0.5 pm SiO»
layer, 9 um silicon membrane layer, 0.2 pm molybdenum
bottom electrode, 1 um Sco3AlpsN piezoelectric active layer,
and a 0.2 um molybdenum top electrode. Both electrodes are
deposited with a coverage of 70% of the cavity radius (245
um). The PMUT is further covered with a 0.2 pm oxide
passivation layer (not shown). A 3D render and optical image
of the PMUT structure are shown in Fig. 1(b) and Fig. 1(c)
respectively. Fig. 1(d) shows, in chronological order, a
snapshot of the various experiments conducted in this paper as
well as the most significant piece of equipment utilized in each
experiment.

A. Polarization Switching

The as-deposited polarization direction of the SCAIN layer is
in the N-polar direction. For consistency we label this direction
as the positively-polarized direction and is equivalent to an
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Fig. 3. Flow of experimental steps for device polarization, starting from a PMUT device in its as-deposited state and ending with an impedance
measurement of the partially-switched device. Before each measurement, a 300 V magnitude pre-polarization pulse returns the device to a fully
polarized state (either as-deposited N-polar or oppositely switched Al-polar). The polarization measurement is performed simultaneously with the

intermediate poling process.
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Fig. 4. Simulated COMSOL Multiphysics FEA models of (a) 2D axisymmetric PMUT model for row-based domain simulation; (b) 2D rectangular
PMUT model for column-based domain simulation with cross section showing ferroelectric dead layer with coordinate systems for polarization
simulation for: (c) top electrode interface dead layer and (d) bottom electrode interface dead layer. In both cases, the dead layer is an unswitchable
domain with an as-deposited positively polarized (N-polar) direction represented by the upward-facing coordinate system. Each domain within the
ferroelectric ScAIN layer can be switched between the downward-facing negatively polarized (Al-polar) direction and the N-polar direction.

switching of the ScAIN film, a pulse sequence as shown in Fig.
2(a) consisting of a two monopolar triangular waves, i.e., a pre-
polarization pulse and a polarization pulse, is applied over the
Mo electrodes with the top electrode as the terminal. Both the
pre-polarization and polarization pulses, each consisting of a
series of 201 voltage points at equally distributed intervals, are
applied over a period of 100 ms (10 Hz, 0.25 ms interval) or 20
ms (50 Hz, 0.05 ms interval) using a TF Analyzer 1000
ferroelectric test system (aixACCT, Aachen, Germany). Each
pulse is evenly split in the temporal domain between a rising
component and a falling component with each component
consisting of 100 points (for a total of 402 points for the entire
cycle).

In prior literature, it is noted that the mean coercive field
(Ef—Ez)/2 is dependent on the residual stress T, [32], [40]
and therefore this work determines the mean coercive field for
the PMUT devices experimentally, where it is found to be
within 2.55 —2.65 MV/cm (255 — 265 V) range. Thus, to ensure
the resulting electric field is greater than the coercive field and
so the device is fully reset to the opposite direction, the pre-
polarization pulse is kept at a magnitude of 300 V (E = 3
MV/cm) with a direction that is opposite that of the subsequent
polarization pulse, which has a magnitude between 225 and 300
V. This pre-polarization pulse with the same pulse duration
ensures that all domains have been reset to the opposite
polarization before each polarization measurement. During the
poling process, the polarization measurement in uC/cm? over

the range of voltages is collected by the ferroelectric test
system. Fig. 2(b) shows a conceptual diagram of the domain
polarization within the film between the N-polar direction and
oppositely-polarized Al-polar directions. The impedance of the
polarized device over a frequency sweep of =20 kHz close to
the resonant is measured with an E4990A impedance analyzer
(Keysight Technologies, Santa Rosa, CA, USA) within a short
duration (~1 minute) of the poling process, and the resonant and
anti-resonant frequencies are extracted. The piezoelectric
coupling coefficient k.? for each intermediate state
polarization is calculated using equation (1), where f,. is the
resonant frequency of the device and f, is the anti-resonant
frequency.

a?—f 2

Ky =0 M
The overall flow for the polarization switching experiment,
inclusive of remanent polarization and impedance
measurements, is presented in Fig. 3. Although the impedance
measurements were performed within a short period after
poling, the devices were allowed to rest for 2 hours before being
subsequently re-examined and it was found that there were no
short-term relaxation effects.

B. Finite Element Analysis

The COMSOL Multiphysics 6.4 program, with active
MEMS module, was used for Finite Element Analysis (FEA)
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Fig. 5. (a) Experimental setup for mode shape analysis utilizing digital
holographic microscope and source/measure unit (b) Configuration
setup for digital holographic microscope operation with live hologram,
intensity, and phase reconstruction.

simulations of the PMUT design and domain polarization
analysis. Two models were prepared for this simulation as
shown in Fig. 4(a) and (b): a 2D axisymmetric model for an
axially propagating (thickness-wise along the ScAIN layer)
domain structure about the central PMUT axis and a 2D plane-
strain model for a laterally propagating (radius-wise along the
ScAIN layer) domain structure through the PMUT radius. The
difference in model is chosen as the lateral propagation in an
axisymmetric model would simulate a ring-shaped domain
propagation within the film rather than a rectangular block
propagation. Both models include an acoustically modelled air
interface within the PMUT cavity as well as above the PMUT
structure, with corresponding acousto-mechanical interface.

In order to investigate the likely thickness and position of the
dead layer within the thin-film, we consider the experimental
data of five of the PMUT devices. The ratio of the polarization
magnitudes between the opposite polarization saturation points
is calculated for each device, as well as the ratio of the coupling
coefficients between those same points. The polarization ratio
is used to estimate the range of thicknesses for the dead layer
under the assumption that the final polarization represents an
estimation of the percentage of domains switched towards the
corresponding direction. To further narrow down the position
of the dead layer within the film, the ratio of the coupling
coefficient k.;” between the same opposite saturation points is
additionally considered. The minimum and maximum of both
ratios creates a bounded region that represents the most likely
area for the thickness of the dead layer. Simulation data for
different various dead layer thicknesses on either the top or the
bottom of the film is additionally plotted to estimate the
position of the dead layer in the film. For further verification of
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Fig. 6. Ferroelectric P-V hysteresis loops for: (a) 50 Hz positive polarity
and (b) 50 Hz negative polarity. The single half-loop shows the 300/-
300 V pre-poling voltage applied to the film prior to each applied poling
voltage. This ensures that all domains have been switched to the
opposite direction before poling.

the dead layer position and thickness, we perform a
comprehensive FEA simulation using two combinations based
on the experimentally-obtained k.4 data: a 0.1 pm dead layer
at the interface between the bottom electrode and the ScAIN
layer (of which 0.9 um remains switchable) and a 0.05 pm dead
layer at the interface between the top electrode and the ScAIN
layer (of which 0.95 um remains switchable). The coupling
coefficient k. is obtained from the simulation data of the
impedance curves for different percentages of polarized
domains.

Fig. 4(c) and (d) describes the simulated ferroelectric dead
layer in COMSOL, displaying the rotated reference coordinate
system used for the upward-facing (N-polar) and downward
facing (Al-polar) ScAIN layers. Using this coordinate system
mimics the ferroelectric polarization change present in the
experimental device on a per-domain basis. The 0.1 um dead
layer utilizes the N-polar direction coordinate system while the
remaining domains of the ScAIN layer are changed between the
two polarization directions to represent the intermediate
polarization states. The operational voltage is kept at 1 V peak-
to-peak for the frequency analysis.

For the FEA simulations intended to showcase the static
deformation, the voltage is kept at a static 40 V DC for both the
lateral and axial domain polarization propagation directions.
For the laterally propagating polarization, the rectangular 2D
model is used and shows the asymmetrical static deformations
as the Al-polarized domains grow from the as-deposited N-
polar to the switched Al-polar state, and the shift in asymmetry
as 46% of switchable domains in Al-polar state shift from the
leftmost region to the centre region. For the axially propagating
polarization, the 2D axisymmetric model is used and shows the
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Fig. 7. Device impedance magnitude response versus frequency plots
for: (a) 50Hz positive polarity; (b) 50Hz negative polarity. The shift in
resonant frequency fr (minimum point of the impedance plot) of the
device can be seen across various poling voltages. The coupling
coefficient ker? can be calculated from the observed fr and fa with
equation (1).

symmetrical static deformations with corresponding change in
the deformation magnitude and direction (in this case, for a film
without internal stresses from fabrication) as the film becomes
increasingly Al-polar in, and the corresponding change in
deformation magnitude as 40% of switchable domains in Al-
polar state shift from the bottommost region to the topmost
region.

C. Static Deformation Profile Analysis

To analyse the change in static deformation profile of the
polarized PMUT devices, a digital holographic microscope
(DHM) DHM-R2100 (Lyncée Tec SA, Lausanne, Switzerland)
with attached laser pulsed stroboscopic unit is utilized with the
setup shown in Fig. 5(a). The PMUT devices are polarized
utilizing a source/measure unit (SMU) B2912B (Keysight
Technologies, Santa Rosa, CA, USA), which is additionally
used to supply a 40 V DC bias to generate a static deformation
in the PMUT device. The DHM is first calibrated for the
unbiased device measurement utilizing the first optical
wavelength (1 = 684.984 nm) with a wavelength long-pass
filter of 50 um and 64-sample temporal averaging. A
screenshot of the configuration setup for the DHM Koala
Stroboscopic V5 operational program (Lyncée Tec SA,
Lausanne, Switzerland) is shown in Fig. 5(b) and includes the
hologram, intensity, and phase live reconstructions of the
PMUT device as well as the mask and digital tilt configuration.

The SMU provides two independent channels, each capable
of generating up to +210 V. The devices under test were driven
differentially by connecting the two channels to opposite
terminals of the PMUT and driving them simultaneously with
equal amplitude and opposite polarity (£150 V short pulses per
channel). This resulted in a differential voltage of up to £300 V
across the load while keeping each channel within its voltage
limit.

A bipolar triangular pulse of £300 V with a duration of 200
ms was applied using the SMU as a pre-polarization pulse to
reset the PMUT device prior to each dataset, and a reference
phase profile was acquired using the DHM. The bipolar
triangular pulse was generated with the SMU operated in list
mode, using discrete voltage steps of 20 us duration each. As
an initialization procedure, 1250 steps were used to ramp up the
voltage from 0 to +300 V, with additional 1250 steps to return
from +300 V to 0 V. This was followed by 5000 0 V steps
(corresponding to 50 ms), after which 1250 steps were used to
ramp down from 0 to —300 V, and another 1250 steps to return
from —300 V to 0 V, completing the initialization.

For each acquisition, a monopolar triangular pulse of fixed
300 V magnitude, followed by a monopolar triangular pulse of
opposite direction and varying voltage (200 V — 300 V) is
applied and respective height profile is acquired. A DC bias
voltage of 40 V was then applied, and the resulting biased
height profile is obtained. The voltage is varied between each
acquisition by 1 V increments from 200 V to 300 V, after which
the acquisition is repeated with an identical pre-polarization
pulse and opposite potentials. As it was previously noted that
the PMUT devices suffered no noticeable relaxation effects
within a timeframe of 2 hours, the DHM measurements were
acquired within 2 hours of the poling process being performed.

Post-processing of the acquired data was performed in
MATLAB R2022a. To ensure more accurate visualization, a
tilt and planar correction was applied to all height map data
obtained from the acquisition, with the four corner points acting
as the zero reference. Additionally, height difference data maps
are obtained by direct subtraction of height maps from each
other post-correction, in order to account for the effects of the
intrinsic membrane curvature in the measurement.

I1l. RESULTS

A. Intermediate Polarization States

We achieve the intermediate polarization states at voltages
between 230 V and 245 V (2.3 to 2.45 MV/cm) for N-polar and
-260 V to -290 V (-2.6 to -2.9 MV/cm) for Al-polar using a 50
Hz (10 ms triangular pulse duration) polarization pulse. At
voltages between -260 V and 230 V, there is little change in the
domain polarization, and it is considered to be below the film
coercive voltage. At voltages above 245 V or below -290 V, the
film has reached the polarization saturation point and there is
little change in the remanent polarization.

The pre-poling process at 300 V (3 MV/cm) magnitude with
the same pulse duration ensures that all domains have been
reset to the opposite polarization before each polarization
measurement. Subsequently, the applied poling voltage results
in the switching of a number of domains towards the desired
polarity. Intermediate polarization states are distinguished by
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Fig. 8. Change in device resonant frequency with polarization at various
poling voltages and frequencies. There is a visible dip in resonant
frequency near the neutral intermediate polarization point of 100-150
uClem?.
the final remanent polarizations as shown in Fig. 6, which
increases up to a maximum polarization at the saturated state.
It is notable that the required coercive voltage magnitude for
the negative (Al-polar) polarization switching is higher than in
the positive (N-polar) direction. However, the final remanent
polarization at the saturation point is likewise higher in the
negative direction than in the positive direction, with a final
saturated remanent polarization of 269.8 pC/cm? towards the
negative direction compared to 254.7 uC/cm? towards the
positive direction. The greater polarization magnitude indicates
that, at the coercive voltages, a greater volume of domains are
switched towards the Al-polar direction in the film. In both
cases, the measured remanent polarization for the 30% ScAIN

film is slightly greater than the ~200 uC/cm? from Fichtner et
al. and noticeably larger than the approximate spontaneous
polarization constant of AIN of 126 pC/cm? [32].

B. Effect of Intermediate Polarization on Film
Performance

The impedance spectra in Fig. 7 showcase the shift in the
gathered resonant and anti-resonant frequencies as the poling
voltages approach the saturation point. At low voltage
magnitudes (pre-coercive voltage), there is limited domain
switching in the ScAIN film and thus the impedance spectrum
is similar to at the saturation point. At higher poling voltages
approaching polarization saturation, there is a visibly larger
difference in the resonant and anti-resonant frequencies with
correspondingly higher coupling coefficient k..

There is a shift in resonant frequency as the thin-film
polarization reaches the neutral state (equal domain volume
polarized in either direction) as shown in Fig. 8, dropping by as
much as 2.4 kHz at the lowest point for the 50 Hz negative
poling in comparison to the pre-poled state, a decrease of 0.8%,
while it can be seen that the positive (N-polar) poling states
have a higher average resonant frequency of about 0.2-0.3%.
The resonant frequency subsequently increases back to the
original value as the polarization approaches saturation,
indicating that the neutral state represents a global minimum in
the resonant frequency of the device. The reduction in resonant
frequency at the intermediate polarization states is most likely
caused by the relaxation of internal stresses, brought about by
the lowered inter-boundary stresses from the mixed Al and N-
polar domains. In Section II.D, the membrane curvature is
estimated from the unbiased DHM profiles and used as a
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data from two devices, with the 0.1um dead layer on the bottom of the
film having the best match to the experimental data.

device-level indicator of polarization-dependent changes in the

effective mechanical stress/strain state of the PMUT membrane.

The plots in Fig. 9 (a) — (d) show the change in coupling
coefficient k.4° with the device remanent polarization for 10 Hz
and 50 Hz polarization pulses. At the coercive voltages E.
where the remanent polarization begins to rise sharply (230 V
and -260 V for 10 Hz polarization pulse, 235 V and -280 V for
50 Hz polarization pulse), experimental data shows a similar
increase in k.7, plateauing at the saturated polarization regions.
Beyond the voltages near the beginning of the saturated
regions, there is little observable increase in polarization or k.
It is notable that k.4 is, on average, higher when positively
polarized by approximately 0.1%, indicating a performance
favourability towards the N-polar direction in the film. The k.
in the N-polar direction is significantly more stable than in the
Al-polar direction, suggesting that the domain structure in the
N-polar direction retains a similar propagation pattern each
cycle. In addition, the coercive voltage E. is significantly higher
in the negative direction, indicating a level of domain pinning
which imposes a greater ‘inertia’ to the polarization in the Al-
polar direction.

The V-shaped k. rtesponse is consistent with partial
cancellation of the oppositely signed piezoelectric
contributions of coexisting N-polar and Al-polar regions. When
both orientations coexist in comparable fractions, the net modal
electromechanical response is reduced. As either orientation
becomes dominant, k. increases toward saturation. The
asymmetry between the saturation endpoints is quantified by
the measured Al-polar/N-polar k.4 ratios of 0.943-0.966 across
five devices and is consistent with the effective N-polar
unswitchable interfacial fraction considered in Section III.C.
As kg7 is an effective device parameter, the present
measurements do not independently separate the intrinsic
piezoelectric, dielectric, stress, and geometric contributions.

C. Dead Layer Exploration and Verification

As noted, the asymmetry in the device performance metrics
at the saturated polarizations signifies a skewed performance
favouring the positive (N-polar) polarization direction. This is
likely caused by the existence of a piezoelectric dead layer that
is practically non-ferroelectric (i.e. it cannot be switched at the
same coercive voltage as the rest of the film) and is thus fixed
in the as-deposited N-polar direction. Due to the
piezoelectricity that is still present in this layer, the
performance of the film in the N-polar direction is enhanced,
while the performance in the Al-polar direction is diminished.
Previous material-level studies of polarized ferroelectric
ScAIN films have investigated polarization propagation at the
material and domain scales [48], [49] and have reported dead
layers or unswitchable interfacial regions associated with
nitrogen-related defects and interfacial strain [50], [51], [52],
[53]. Thickness-dependent switching asymmetry and
interfacial effects have also been observed in very thin (~50
nm) 37% ScAIN films [54]. These studies provide prior
physical precedent for consideration of a ferroelectrically dead
layer when interpreting the asymmetric response of ScAIN
thin-film devices. Although they do not characterize the
Mo/Sco3Alp7N/Mo film investigated in this work, the works
provide evidence towards the dead layers being located at the
interface between the ScAIN layer and other interfaces.
Therefore, in this work, we attribute the asymmetrical response
of the film to the un-switchability of a dead layer and
investigate the most likely positioning and thicknesses. The
asymmetry between the N-polar and Al-polar saturation states
is evaluated using a device model containing a fixed N-polar
dead layer. The following sections present a device-level
evaluation of its effective thickness, likely interfacial position,
and influence on PMUT performance. The resulting thickness
and location should therefore be interpreted as model-based
estimates rather than direct structural measurements. The
referenced published material studies are used as physical
context for the effective device model and not as a substitute
for characterization of the present film.

Fig. 10(a) showcases the results of the calculated ratios of
the polarization (vertical dashed lines) and the k. (horizontal
dashed lines) of the five chosen devices. For the range of
devices, the ratio of k.7 is between 0.943 and 0.966, as
represented by the horizontal dashed lines. The average
polarization ratio 0of 0.8992 corresponds, under the assumptions
of the adopted model, to an effective unswitchable fraction of
10.08% of the ScAIN thickness, equivalent to 0.1008 um. It
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should be additionally noted that the extrapolated trend for the
bottom layer data crosses the x-axis origin at a normalized ke’
of 1.0, which is the expected intersection point if there is no
dead layer present in the film. The results shown in Fig. 10(b)
show the two simulation points bounded by the horizontal
dashed lines in Fig. 10(a), alongside the 10 Hz and 50 Hz
experimental data for two separate devices. Among the
configurations investigated, the bottom-interface model
provides the closest agreement with the measured polarization
and k. ratios. The experimental results therefore support a
bottom-weighted effective N-polar unswitchable fraction
within the model of approximate 10% thickness of the
piezoelectric layer, but does not establish its exact physical
thickness, microscopic structure, composition, or interface
location. In general, the simulated data for the 0.1 pm bottom-
interface dead layer shows the best fit with the current
experimental data with a higher asymmetry towards the
negative (less Al-polar domains) region as compared to the
0.05 um top-interface dead layer.

In previous literature, it has been suggested that the increased
compressive strains near the boundary between wurtzite SCAIN
and GaN produce a twofold effect of increasing the
ferroelectric coercive fields required for polarization switching
and additionally promote generation of N-type vacancies
within the material, which contributes to degraded dielectric
performance [55]. As a result, the reversibility of the polarity at
this interface region is heavily degraded and a dead layer is
formed. Although the interface material in this PMUT device
is a Mo electrode rather than a GaN semiconductor layer, the
increased compressive stress at the bottom thin-film interface
is likely to produce a similar effect in the ScAIN film. As the
scandium concentration used in this paper (30%) is only
slightly higher than the earlier noted minimum concentration
for practical ferroelectricity (27%), even this effect could
increase the coercive field requirements and degrade dielectric
performance enough for a substantial dead layer formation.

D. Propagation of Domain Polarization

With the thickness and position of the non-ferroelectric dead
layer, an understanding of the propagation of domain
polarization for the thin-film intermediate polarization states is
relevant as part of the mechanism for polarization. This is a key
factor in the future ability to predict the piezoelectric response
of the thin-film in any state other than at either fully saturated
point, as it will allow for both shape and magnitude of the static
response to be more accurately estimated.

The FEA simulated static response shapes of the device are
shown in Fig. 11. For the laterally propagating domains in Fig.
11(a) and (c), there is a clear shift in the asymmetry of the static
response as the Al-polarized domains shift from the edge
towards the centre of the film. The magnitude of the
asymmetrical response is significantly more prominent with an
increased number of Al-polarized domains, and the magnitude
of the positive displacement increases as the Al-polarized
domains are positioned closer to the centre. For the axially
propagating domains in Fig. 11(b) and (d), there is no visible
change in the shape of the static deflection until the Al-polar
domains begin to dominate, at which point the direction of the
deformation crosses the undeformed region. It is notable that in
both domain propagation methods, the dead layer is a

significant factor in the magnitude of the final deformation but
not the shape; the fully N-polar static response is always larger
in magnitude (98.9 nm vs 80.5 nm for lateral propagation and
79.5 nm vs 64.4 nm for axial propagation) than the Al-polarized
static response, notably due to the N-polar dead layer providing
an opposing force to the Al-polar response. The discrepancy
between the fully polarized states is noted to be due to
difference in the FEA models used, where the magnitude of the
deformation in the planar 2D model is consistently 24 - 25%
greater than the 2D axisymmetric model, and is primarily
attributed to the difference in the existence of the radial
boundary between the membrane and the substrate in the
axisymmetric model. This variation is consistent for all
simulations where the domain polarities are exactly equivalent
between the two models.

Fig. 12(a) shows the height map profiles of the PMUT device
after various poling pulses have been applied but without an
external DC bias. Both the N-polar and Al-polar membranes
are distinctly U-shaped with 23.42 nm and 77.74 nm minimum
points respectively (where 0 nm referring to the points at the
four corners), with the intermediate polarization state having
the least curved membrane shape at 95.09 nm. Using three
points along the top-electrode surface, the estimated membrane
curvature is 9.59x10-* mm™ in the N-polar state, 7.57x103 mm"
!in the intermediate state, and 8.04x10-3 mm™' in the Al-polar
state. These values correspond to decreases of 21.1% and
16.2% relative to the N-polar state for the intermediate and Al-
polar states, respectively.

From Fig. 12(b) which details the differences in the unbiased
height maps from the as-deposited N-polar state, it can be noted
that the upwards deformation increases at the intermediate
states by up to 67.9 nm at the central point and is 50.2 nm higher
at the Al-polar state than the N-polar state. As these states are
without external DC bias, the change in membrane curvature
can be purely attributed to the changes in the internal stresses
of the ScAIN film, and it is clear that the film experiences the
highest internal stresses at the fully N-polar state (largest U-
shaped membrane with highest curvature) and the lowest
internal stresses at the intermediate state (flattest membrane
shape with lowest curvature). This is likely caused by the
overall increase in inter-domain boundary stresses when the
film domains are mostly polarized in one direction. In this case,
the N-polar direction is the only direction where all domains
including the dead layer are aligned; thus, the N-polar direction
experiences the greatest internal stresses within the PMUT
membrane. Conversely, the intermediate state experiences the
largest equality between the N-polar and Al-polar domains,
which leads to the least inter-domain boundary stresses and
thus the most relaxed membrane shape (though it should be
noted the membrane remains in a stressed U-shape regardless,
simply at a lower internal stress point). The Al-polar state has
a more relaxed deformation compared to the N-polar state, as
the dead layer remains N-polar and thus counteracts some of
the inter-domain stresses. The measured curvature trend is
attributed to a polarization-state-dependent redistribution of the
effective mechanical stress/strain state associated with the
domain configuration. The intermediate state exhibits both the
lowest estimated curvature and the minimum resonant
frequency, supporting a mechanical contribution to the
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Fig. 11. FEA simulations for static deformation shape and magnitude with 40V DC bias for: (a) Lateral domain polarization propagation (2D model);
(b) Axial domain propagation (2D axisymmetric model); (c) Asymmetry of film for 46% Al-polarized domains in lateral propagation model, from
leftmost domain region to central region. This describes the asymmetrically deformed shape that would be expected to be observable should the
polarization-switched domains propagate in a lateral manner; (d) Change in displacement magnitude for 40% Al-polarized domains in axial
propagation model, from bottommost domain region to topmost region. This describes the varying displacement magnitudes of the symmetrical

shape that would be expected to be observable should the polarization-switched domains propagate in an axial manner.

frequency variation. The asymmetry between the N-polar and
Al-polar saturation states is consistent with the effective N-
polar unswitchable interfacial fraction included in the device
model. However, curvature does not uniquely determine the
underlying stress distribution or separate the effects of residual
stress, polarization-induced strain, trapped charge, and
membrane geometry.

Additionally, we note the change in asymmetry between the
various polarization states in Fig. 12(b), most specifically the
intermediate states, further detailed in Fig. 12(c) showcasing
the poling voltages between 230 V and 235 V with a DC bias
of 40 V applied. As can be seen from the height difference maps
(compared to the fully N-polar reference), there is a point in the
bottom-left of the membrane (distance from centroid = 38.08
pm with angle 6 = 3.882 rad) at 230 V poling voltage where the
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Fig. 12. DHM-collected profiles of statically deformed PMUT devices: (a) Height maps of the PMUT relative to the four planar corners, for N-polar
(left), intermediate (middle), and Al-polar (right) states; (b) Height difference maps of the PMUT between the maps shown in (a) and the initial N-
polar reference point; (c) Height difference maps of the PMUT at the intermediate states, transitioning from N-polar (V2 = 230 V) toward Al-polar
(V2 > 235 V), showcasing the movement in the maximum deformation point denoted by the black X. In all figures, the yellow circular borders and
dotted red circle represent the computed circular profile of the PMUT, the red dot represents the centroid point of the membrane, and the black X

represents the point of maximum deformation within the membrane.

film begins to switch first, causing an asymmetrical point of
deformation at the intermediate step. As poling voltage
increases to 235 V, this asymmetry decreases until the
minimum point overlaps with the centroid, indicating that the
rest of the film ‘catches up’ with the polarization as voltage
crosses the coercive voltage. There is thus a region of the film
that may not coincide with the centroid point where the
coercive voltage is lower, indicating some manner of lateral

domain propagation. However, the change in deformation is
relatively uniform across the membrane, especially as voltage
increases, which suggests that the axial domain propagation
dominates in the polarization. We thus propose that the
propagation follows a hybrid model with primarily axial
propagation, in a similar to the STEM analysis from previous
research that shows shark-teeth shaped domains that propagate
vertically through the film thickness [50]. It is further notable
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that the region that experiences the earlier switching occurs in
a reliable location between individual polarization instances;
the poling is reset between each acquisition and thus the
asymmetry is systematic in nature. We also note that, upon
inverting the sample and acquiring the polarization results
again, the maximum deformation point is similarly inverted and
thus eliminates the possibility of bias within the experimental
setup.

IV. CONCLUSIONS

In summary, both Al-polar and N-polar ferroelectric
polarization of a 1 pm thin-film Sco3Alo7N PMUT have been
demonstrated in this paper, as well as the intermediate states
between the saturated polarization endpoints. We cover the
change in various performance metrics such as resonant
frequency, impedance response, and coupling coefficient k.z°
over the various polarization states, and highlight the
significant asymmetry of the film polarization that favours the
N-polar saturation state. It is expected that, based on the
improvement in k.7, the transmitting and receiving
performance at the polarized states will be the highest, with the
intermediate state performance being significantly degraded.
Primarily, the sensitivity of the device in both transmit and
receive modes should improve proportionally with the coupling
coefficient.

Among the configurations investigated, the asymmetry
between the N-polar and Al-polar saturation states is best
reproduced by a model containing a fixed, ferroelectrically
unswitchable N-polar dead layer equivalent to approximately
10% of the ScAIN thickness (0.1 um) at the interface with the
bottom electrode. The estimated thickness and location are
based on the measured polarization and k.’ trends, along with
comparison with finite-element simulations, rather than direct
structural or interface characterization. The PMUT transmit
and receive performance at the N-polar state (poling
reinforcement of the as-deposited direction) is expected to be
the highest due to the existence of this dead layer. Furthermore,
the static response deformation of the thin-film PMUT is
gathered in both COMSOL simulation and experimental DHM
setup to explore the domain propagation over various
intermediate states, demonstrating a relaxation of internal
stresses at the intermediate and Al-polar states in comparison
to the fully N-polar state. Additionally, the domain propagation
is found to be a hybrid of lateral and axial propagation
directions, however the axial directionality remains dominant
within the film around the coercive voltages.

Within the PMUT domain, the results in this work present
several interesting future possibilities and applications, such as
performance enhancements (through reinforcement poling of
the as-deposited states as well as future work targeting dead
layer minimization), acoustic beam control (through poling of
certain elements toward intermediate states to tune their output
pressure), and thin-film internal stress adjustment (through
dynamic relaxation or pre-stressing of the domain structure) for
adaptive frequency driving.

Our expectation is that SCAIN will become an increasingly
popular material for use in future PMUT and the derivative
ferroelectric micromachined ultrasound transducer (FMUT)
due to its ferroelectric switch-ability and combination of good

transmit and receive properties with CMOS compatibility and
lead-free composition. Future work in this area is expected,
especially for in-depth crystalline analysis across the device.
The intermediate states shown in this paper pave the way for
tuneable PMUT and FMUT devices with between-operation or
in-operation ferroelectric switching, and there is currently an
unexplored research gap for future works in this field.
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