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Dr. Agnė Žukauskaitė is currently splitting her time between the Fraunhofer Institute for

Organic Electronics, Electron Beam and Plasma Technology FEP in Dresden and the Institute of

Solid-State Electronics IFE at TU Dresden University. Her recent research activities have been in the

field of application-inspired material science, especially focusing on the magnetron sputter epitaxy of

thin films for sensing applications.

vii





Preface to ”Piezoelectric Aluminium Scandium
Nitride (AlScN) Thin Films: Material Development
and Applications in Microdevices”

Not so long ago, aluminium scandium nitride (AlScN) emerged as a material that possesses

superior properties as compared to aluminium nitride (AlN). Substituting Al with Sc in AlN leads

to a dramatic increase in the piezoelectric coefficient as well as in electromechanical coupling. This

discovery finally allowed us to overcome the limitations of AlN thin films in various piezoelectric

applications while still enabling us to benefit from all of the advantages of the parent material system,

such as a high temperature stability, CMOS compatibility, and good mechanical properties.

AlScN allows for the enhanced performance of RF filters where bulk acoustic wave (BAW)

or surface acoustic wave (SAW) resonators are used. Additionally, energy harvesting and sensing

applications can benefit as well. Higher pyroelectric coefficients allow for new advances in,

for example, infra-red (IR) detectors. Recent progress in growing this material by MOCVD

and MBE has opened up new prospects in high-frequency and -power electronics, such as with

high-electron-mobility transistors (HEMTs). Finally, AlScN is the first wurtzite III-nitride where

ferroelectric switching was observed a few years ago, opening up another exciting research field

with many possible applications in semiconductor memories; additionally, it enables the additional

functionality of switching to applications where piezoelectric materials are already in use.

Recognizing the importance of this new material, internationally recognized research groups

participated in this Special Issue focused on AlScN to provide the scientific community with a highly

visible, multidisciplinary open access collection of the recent advances in understanding the material

itself that will enable us to unlock its full potential in microdevices.

This Special Issue presents contributions addressing:

- Fundamentals, physics, theory, and modeling of AlScN material and devices;

- Growth and characterization of AlScN thin films;

- Design, fabrication, and performance of AlScN microdevices;

- Novel and niche applications for AlScN.

We hope that you will enjoy this collection!

Agnė Žukauskaitė

Editor
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01277 Dresden, Germany; agne.zukauskaite@tu-dresden.de

2 Institute of Solid State Electronics (IFE), Faculty of Electrical and Computer Engineering, TU Dresden,
01062 Dresden, Germany

The enhanced piezoelectric properties of aluminum scandium nitride (Al1−xScxN
or AlScN) were discovered in 2009 by Morito Akiyama’s team [1]. By introducing Sc
into wurtzite AlN, the piezoelectric coefficient and electromechanical coupling increase
remarkably due to a strong change in the response of the internal atomic coordinates to
strain [2]. This had a significant and immediate impact on the 6G RF filter community
as well as other fields, where AlN thin films were being developed and applied due to
their CMOS compatibility, good mechanical properties, high-temperature stability, and
other attractive properties. Before AlScN, the low electromechanical coupling was a barrier
to commercializing AlN-based acoustic devices and having a group-III nitride that could
compete with other, more established oxide-based piezoelectric materials. To this day, the
number of papers on AlScN and other Al-X-N ternary nitrides grows every year, indicating
a continuous interest in both academia and industry to advance the technology. In 2019,
Simon Fichtner demonstrated that AlScN also has ferroelectric properties, expanding
the application field for this fascinating material even further [3]. However, due to the
metastability of this ternary nitride [4], there are many unanswered questions about the
true limits of AlScN in material synthesis, fundamental properties, and device performance.
This Special Issue features thirteen research papers that focus on recent AlScN development
and explores the following aspects: growth of AlScN thin films by magnetron sputtering
(three papers), fundamental investigations of material properties (four papers), fabrication
and performance of AlScN-based ferroelectric and electroacoustic devices (six papers).

The first three papers [5–7] address both the growth process optimization and high
rate, large area deposition on commercial and industry-relevant substrates at Sc concentra-
tion x ≈ 0.27–0.3, which is currently regarded by industry and academia as a reasonable
trade-off point, allowing enhanced device performance without suffering too much from
metastability-related issues, such as phase separation, an uncontrollable amount of abnor-
mally oriented grains (AOGs), and elemental segregation into Sc-rich and Al-rich domains.
Pirro et al. [5] utilize RF bias on the substrate to better understand the relationship between
stress levels and the dielectric and ferroelectric properties of the films. Tuning the RF
bias resulted in 500 MPa tensile and −2 GPa compressive stress. Films with tensile stress
demonstrated better ferroelectric performance and lower losses, whereas high compres-
sive stresses were detrimental to the dielectric and ferroelectric performance of structured
metal–ferroelectric–metal (MFM) structures. Su et al. [6] aim to demonstrate a substrate-
independent method for depositing high-quality AlScN on various non-metallic substrates
using a 20 nm thick AlN seed layer to minimize the number of AOGs. It was postulated
that because AlScN is more sensitive to the substrate texture than AlN, focusing efforts
on providing a good AlN seed layer rather than process optimization for AlScN on each
specific substrate itself is a more applicable approach where AlScN on many different sub-
strates is required for different applications. It was also shown that the addition of an AlN
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seed layer has only a minor effect on the piezoelectric performance of thick AlScN films.
Barth et al. [7] demonstrate AlScN sputtering at a very high deposition rate of 200 nm/min
and investigate the homogeneity of structural and piezoelectric properties as well as how
they are affected by different growth parameters. In particular, a hybrid unipolar-bipolar
pulse mode with an optimized ratio of SUnipolar = 90% was shown to aid in the formation
of highly uniform films with good piezoelectric and ferroelectric performance.

In the second section of the Special Issue, four papers [8–11] focus on investigating
the fundamental properties of AlScN, such as the effects of temperature and Sc concen-
tration, and the extraction of device-relevant acoustic parameters. In the in-depth Raman
spectroscopy study by Solonenko et al. [8], peak broadening and various mechanisms that
contribute to it are investigated. The Raman spectra of AlScN can exhibit up to eight bands,
and previously unreported bands could be attributed to second-order phonon modes. In
addition, temperature-dependent Raman measurements were performed to demonstrate
that the temperature coefficient is a function of not only the Sc concentration but also the
defect density. In the study by Wolff et al. [9], in situ annealing up to 1000 ◦C is combined
with X-ray diffraction, and an unexpected volume expansion is observed above 550 ◦C in
AlScN thin films prepared by magnetron sputter epitaxy. It was shown that the transition
from linear to non-linear thermal expansion occurs at lower temperatures for higher Sc
concentrations and that annealing induces irreversible changes in lattice parameters after
cooling down. Intrinsic and extrinsic contributions related to oxygen impurities were
separated and carefully explained. Continuing the theme of thermal stability and coupling
it with the ferroelectric properties of AlScN, Drury et al. [10] explore the possibility of using
this material in high-temperature nonvolatile memory applications. The device-relevant
behavior of textured AlScN was studied up to 400 ◦C. While steady polarization retention
was observed even at elevated temperatures, P–E loops showed a decrease in coercive
field as a function of temperature, and leakage current density increased significantly at
elevated temperatures. Fatigue testing indicated degraded performance above 200 ◦C;
however, at lower temperatures, >105 cycles could be achieved before failure, indicating a
high potential for AlScN-based memory applications where ~103 cycles are expected. Next,
the capabilities of the non-destructive laser ultrasonics technique are demonstrated by
Meyer et al. [11] for the extraction of elastic constants of AlScN required for accurate device
design. A special rotating stage was used to investigate the anisotropy of epitaxial c-plane
and a-plane AlScN thin films. The latter were especially valuable due to the low amount of
curvature in the dispersion curves. As a result, sensitivity analysis indicated that elastic
constants c33 and c13 were the main contributors to the dispersion. Very good agreement
with theoretical predictions was achieved, validating this versatile characterization method,
especially for anisotropic films/substrate systems.

In the last section, six papers address the fabrication and performance of various
AlScN-based devices [12–17]. It has been recognized quite early in the development of
AlScN that the etching rate drops dramatically compared to pure AlN, and the existing
etching approaches used for group-III nitrides must be revised, especially when vertical
side-wall geometry has to be well controlled. Wet-etching with KOH is the main focus of
the investigation by Tang et al. [12]. In addition to a very comprehensive review of previous
dry- and wet-etching studies, both vertical and lateral etch rates are studied systematically
as a function of Sc concentration as well as KOH temperature and concentration. A linearity
check confirmed etch to be reaction-limited, matching AlN in KOH behavior. However, in
the case of vertical etch rate, an expected gradual decrease was observed as a function of Sc.
Lateral etching is a highly anisotropic process, and the rate experiences a transition after
reaching the lowest point at Sc x = 0.125. The authors were able to demonstrate vertical wall
formation at this Sc concentration by exposing the specific planes of AlScN to KOH, which
could benefit lamb wave resonators or similar released structures in the future. In a device,
it is not only the functional layer that contributes to the overall performance, as shown in
the study by Nie et al. [13], where the ferroelectric properties of AlScN are investigated on
different metals used for bottom electrodes. In samples with a Mo bottom electrode, a larger
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polarization loss was observed compared to those where Pt was used. The study indicates
that while the formation of abnormally oriented grains is different and has an influence
on the ferroelectric performance of AlScN, the inherent contact barrier is also a factor that
needs to be considered in device fabrication. Stress control is another very important aspect
of electroacoustic device fabrication, as they often contain released structures, such as
membranes or cantilevers. Beaucejour et al. [14] demonstrate a stress-compensated growth
process allowing low out-of-plane bending in cantilevers. First, the compressive-to-tensile
stress gradient was determined as a function of AlScN film thickness, and the average film
stress was determined as a function of N2 flow. Using this information, the authors were
able to produce AlScN thin films where N2 flow varied during the growth to compensate
for stress. In the best-performing compensated film, this allowed cantilever bending to be
reduced from >100 µm to less than 3 µm. The theme of deflection continues in the next study,
where AlN and AlScN-based micromirrors are fabricated by Stoeckel et al. [15]. Footprint
MOEMS of 2 × 3 mm2 and 4 × 6 mm2 were designed, with geometrical parameters adjusted
based on different mechanical properties of AlScN. A 10-fold increase in the deflection per
electric field in AlScN micromirrors was observed compared to AlN, showing the high
potential of such MOEMS for future micro-optics applications with large static scan angles.
The paper by Lozano et al. [16] focuses on AlScN-on-diamond surface acoustic wave
(SAW) resonators and filters. Single crystal and polycrystalline diamond were compared,
and in both types of resonators, Rayleigh and Sezawa modes were excited. Although
the frequency, acoustic velocity, and electromechanical coupling were similar in both, the
quality factor and figure of merit (FOM) were much higher, and insertion loss improved
when using the single crystal diamond as a substrate. Finally, dual-mode Lamb wave
resonators are demonstrated by Rassay et al. [17]. Patterned molybdenum was used as a
bottom electrode, where tapering enabled crack-free overgrowth by AlScN. Dry-etching
was used for membrane release. By taking advantage of the ferroelectric properties of
AlScN, the authors designed and fabricated resonators that can be periodically poled using
an interdigitated transducer (IDT), thus enabling the reversible switching of frequency to
cover two modes of operation—0.45–1.6 GHz and 0.8–3 GHz. This novel concept has great
potential for single-chip, multi-band devices for modern wireless systems.

To summarize, this Special Issue was very successful in covering all of the main
aspects of AlScN research—growth, fundamental and application-relevant properties,
device fabrication and characterization. We can see that AlScN technology is mature
enough to demonstrate wafer-level material development and complicated devices, but
there is still much to discover in terms of deposition process control, anisotropy, and, in
particular, ferroelectric behavior. AlScN research is ongoing in a number of research groups
around the world, with many more discoveries to come. On behalf of the journal, the Guest
Editor, Dr. Agnė Žukauskaitė, would like to thank all of the contributing authors once
more and is eager to hear about future work in this field.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Sc-doped aluminum nitride is emerging as a new piezoelectric material which can substi-
tute undoped aluminum nitride (AlN) in radio-frequency MEMS applications, thanks to its demon-
strated enhancement of the piezoelectric coefficients. Furthermore, the recent demonstration of the
ferroelectric-switching capability of the material gives AlScN the possibility to integrate memory
functionalities in RF components. However, its high-coercive field and high-leakage currents are
limiting its applicability. Residual stress, growth on different substrates, and testing-temperature
have already been demonstrated as possible knobs to flatten the energy barrier needed for switching,
but no investigation has been reported yet on the whole impact on the dielectric and ferroelectric
dynamic behavior of a single process parameter. In this context, we analyze the complete spectrum
of variations induced by the applied substrate-RF, from deposition characteristics to dielectric and
ferroelectric properties, proving its effect on all of the material attributes. In particular, we demon-
strate the possibility of engineering the AlScN lattice cell to properly modify leakage, breakdown,
and coercive fields, as well as polarization charge, without altering the crystallinity level, making
substrate-RF an effective and efficient fabrication knob to ease the limitations the material is facing.

Keywords: scandium-doped aluminum nitride; ferroelectric; MEMS; substrate-RF; residual stress;
coercive field; leakage current

1. Introduction

After Akiyama [1] demonstrated the large enhancement of the piezoelectric coefficient
by doping AlN with scandium, a growing number of studies have been conducted to
exploit AlScN in MEMS, with particular interest in RF applications [2–8]. The augmented
d33, along with a reduction in the stiffness, enables AlScN-based resonators with a higher
electro–mechanical coupling coefficient. This translates to filters with larger bandwidths as
compared with their AlN counterparts, while maintaining a similar fabrication flow [9].
After a few years, in 2018, Fichtner [10] demonstrated a robust and repeatable ferroelectric
behavior within the material, which opened new paths to multi-functional MEMS by
combining the improved piezoelectric performance with the memory capability within
the same BEOL-compatible process flow. Examples are the switchable FBARs [11,12],
diodes [13], and ferroelectric transducers [14]. Nonetheless, the ferroelectric properties
still face large limitations in their applicability. Despite the large polarization values, if
compared with other ferroelectric materials [15], the coercive field and leakage current are
still too high for practical integration. While a few works addressed the latter issue [16,17],
several groups demonstrated how it is possible to reduce the coercive field by acting on
either the AlScN structure or on the experimental set-up. A higher Sc-content [10], higher
crystallinity [18], the use of different substrates [19], and testing-temperature [20] have been
proven to reduce the voltage needed to switch, while still maintaining large polarization
values. Another effective tuning parameter is represented by the residual bulk stress on the
film, which can be controlled though different process parameters, such as pressure, N2/Ar
ratio, or substrate bias [21–23]. In 2013, while analyzing Ga(1−x)ScxN, Zhang [24] suggested
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how substrate-induced mechanical stress can have a similar effect as the Sc-doping, both
indeed leading to an increase of the internal parameter u, which reduced the coercive field.
Despite bulk stress having been extensively studied in non-wurzite ferroelectrics, showing
an induced variation in both the dielectric and ferroelectric behavior [25–28], only a few
works show measured results from AlScN. In particular, ref. [10,21,29] demonstrate the
linear dependence between coercive field and bulk stress, confirming Zhang’s theory, but
no general insights on the overall impact of the stress have been reported. In this context,
we started from different levels of the substrate-RF applied during the deposition of sub-
200 nm Al0.7Sc0.3N within a co-planar sputtering module to compare the output films in a
range of parameters from stress level to dielectric and ferroelectric properties in order to
map the complete effect on the material from a single process parameter. After describing
the fabrication flow and characterization method, the paper will focus on the extraction of
the residual stress, breakdown fields, leakage currents, coercive fields, and polarization
dynamics, demonstrating the large impact of substrate-RF on the overall AlScN behavior.
We will show how substrate-RF induces stress levels on the films ranging from 500 MPa
to −2 GPa, resulting in an increase of the c-axis dimensions of the AlScN cell, which is
reported to degrade the breakdown–coercive field ratio and losses. Next, we demonstrate
how the polarity of the films increases the impact on the static leakage current when smaller
c-axis values are present, enabling different levels of current emission according to the state
of the films. Last, the Nucleation-Limited-Switching (NLS) model [30,31] will be exploited
to compare the ferroelectric kinetics, demonstrating the same switching mechanism among
the films, with larger polarization reported for larger c-axis values.

2. Materials and Methods
2.1. Fabrication Flow

Several Al0.7Sc0.3N (AlScN) thin films were deposited from a 12” alloy target installed
on an Evatec Clusterline-200 PVD module onto 200 mm-Si <100> 20 Ω/sq wafers coated
with 20 nm titanium, with 80 nm platinum acting as a bottom electrode layer. Before the
AlScN deposition, chamber and target conditioning procedures were performed to improve
the base pressure and cleanliness of the target [32,33]. The thin films were deposited
starting from a base pressure of 7 × 10−8 mbar and a chuck temperature set at 300 ◦C. The
wafers sat for 5 min in the hot chuck before a 6 kW pulsed DC was applied for 250 s with
90 sccm of N2 flow. The only variation among the films was the applied substrate-RF, which
has been varied from 0 to 200 W. A final aluminum layer of 50 nm was sputtered, within
the Clusterline tool, to complete the metal-ferroelectric-metal (MFM) structure. Single
step photolithography and inductively coupled plasma etching were utilized to shape the
top electrode features, which consisted on circular 0.144 mm2 pads. Lastly, access to the
continuous bottom electrode was created by etching the AlScN chips in phosphoric acid
heated at 150 ◦C.

2.2. Characterization Method

The in-plane residual stress was extracted with a Flexus Tencor, which measured the
wafers’ bow curvature before and after the AlScN depositions. An area of 16 cm2 from the
center of the wafer was diced to locally analyze the material through X-ray diffractometry
(XRD) (gonio-scan and omega-scan) and scanning electron microscopy (SEM). The electrical
performance of the fabricated MFM structures was analyzed by applying different voltage
waveforms, between the top and bottom electrodes, and reading the output current through
a virtual ground amplifier embedded in an Aixacct TF analyzer. First, the breakdown fields
were extracted from triangular waveforms at different frequencies by observing the voltage
at which the MFM structures became a short circuit. A total of 25 samples were measured for
each voltage–speed combination to apply a Weibull distribution, as shown in Equation (1):

F = 1− exp

(
−
(

E
Eb

)β
)

(1)
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where F is the cumulative probability of the electric failure, E is the experimental break-
down, Eb is the breakdown field for which the cumulative probability is 63.2%, and β is
the shape factor [34]. Next, the dielectric behavior was studied by applying 1 Vpp sine
waves to pristine MFM structures to extract tanδ and dielectric permittivity (ε) in the kHz
range. Afterwards, the DC response was evaluated though current density measurements,
which allowed us to isolate the resistive behavior within the dielectric. A 50 V bi-polar,
bi-directional voltage staircase with a 1 V step and 2 s holding time was applied to the
samples at 25 ◦C, 35 ◦C, and 45 ◦C. The current response at each voltage step was extracted
by averaging the output from 70% to 90% of the step length (2 s) to filter out any reactive be-
havior. The analysis was applied to pristine capacitors, and it started from the negative bias
to induce a polarity inversion within each sweep. The measured data were then plotted as
ln(J/T2) vs.

√
E and ln(J/E) vs.

√
E in order to discriminate the limiting leakage mechanism,

i.e., the interface-limited Schottky emission [16] or bulk-limited Pool–Frenkel [13].
Next, the ferroelectric properties were analyzed, focusing on the negative-to-positive

switching since the higher leakage shown in the reverse direction overcame the current
monitoring limit of the instrument. Despite this, a comparison among the wafers’ response,
and hence a study of the effect of the substrate-RF on the ferroelectric properties, was still
possible. First, the coercive fields were studied by applying bi-polar trains of triangular
pulses, with maximum voltage close to breakdown to induce a full polarization, within the
films. The field values were extracted for different input voltage frequencies spanning from
10 Hz to 5 kHz. Second, the polarization extraction consisted in applying a modified PUND
procedure described in [35], which allowed us to demonstrate the memory capability and
the dependence on the write signal. The procedure started with a negative reset pulse (N-R-1),
close to breakdown, applied to a pristine capacitor and acting as reference starting point. A
second positive pulse of variable duration and intensity was subsequently applied as the
write pulse (W(v,t)). After these, positive (P-R-1), negative (N-R-2), and positive (P-R-2)
reset pulses were respectively applied to the MFM structure to allow two full negative-
to-positive switching events. The polarization values were extracted by comparing the
currents in output from the P-R-2 and P-R-1 pulses, which corresponded to a full and a
variable polarization switching, respectively. The trapezoidal read voltages consisted of
50 µs rise, plateau, and fall times, with a fixed voltage intensity, which is chosen to be right
above the coercive field to decrease the impact of leakage. On the other hand, the write
pulse was varied in intensity (from 30 V to 60 V) and duration (from 50 µs to 1 s) to allow a
complete mapping of the ferroelectric kinetics. The measured data were than fitted though
the Nucleation-Limited-Switching (NLS) model, which showed better agreement than the
classical Kolmogorov–Avrami–Ishibashi (KAI) approach [36,37]. In the latter model, the
polarization evolution over time (i.e., ∆P(t)/2Ps) follows Equation (2):

∆P(t)
2PS

=
[
1− exp(−t/τ)n] (2)

where PS, τ, and n are the spontaneous polarization, switching time, and dimensionality
factor, respectively. On the other hand, the NLS model assumes a Lorentzian distribution
over the switching time, resulting in Equation (3):

∆P(t)
2PS

=
∫ [

1− exp(−t/τ)n]F(log τ)d(log τ) (3)

where:

F(log τ) =
A
π

[
ω

(log τ− log τ1)
2 +ω2

]
(4)

where A, ω, and logτ are a normalized constant, half-width at half-maximum of the
distribution, and median logarithmic value of the distribution, respectively [35].

7



Micromachines 2022, 13, 877

3. Results
3.1. Material

The different substrate-RF levels induced a linear increase of the negative DC bias
measured at the substrate during deposition, going from −45 V to −76 V, as reported in
Figure 1a. Larger DC biases increased the bow displacement of the samples (Figure 1b),
resulting in different stress levels ranging from 500 MPa to −2.2 GPa, as shown in Figure 1c.

Micromachines 2022, 13, 877 4 of 12 
 

 

Fሺlogτሻ = Aπ ൤ ωሺlogτ − logτଵሻଶ ൅ ωଶ൨ (4)

where A, ω, and logτ are a normalized constant, half-width at half-maximum of the dis-
tribution, and median logarithmic value of the distribution, respectively [35].  

3. Results 
3.1. Material 

The different substrate-RF levels induced a linear increase of the negative DC bias 
measured at the substrate during deposition, going from −45 V to −76 V, as reported in 
Figure 1a. Larger DC biases increased the bow displacement of the samples (Figure 1b), 
resulting in different stress levels ranging from 500 MPa to −2.2 GPa, as shown in Figure 
1c. 

 
Figure 1. (a) Induced substrate DC biases per different RFs. (b) Wafers’ curvatures measured with 
a Flexus Tencor after AlScN depositions and (c) corresponding bulk stresses extracted though 
Stoney equations. 

The XRD gonio scan (Figure 2a) showed a shift in the peak corresponding to the <002> 
AlScN plane, suggesting a shear strain in the c-axis of the structure. No peaks correspond-
ing to the a-plane were detected, indicating a preferred out-of-plane orientation. The full 
width half maximum (FWHM) of the rocking curve (RC) was 2.4° for all samples, except 
for RF-200, which showed RC FWHM = 3.2°, confirming the limited impact of substrate-
RF on the crystallinity level of the films. SEM images of the stacks’ cross-sections are 
shown in Figure 2b, indicating a thickness of 190 nm with no noticeable variations among 
different substrate-RFs. 

 

Figure 1. (a) Induced substrate DC biases per different RFs. (b) Wafers’ curvatures measured
with a Flexus Tencor after AlScN depositions and (c) corresponding bulk stresses extracted though
Stoney equations.

The XRD gonio scan (Figure 2a) showed a shift in the peak corresponding to the
<002> AlScN plane, suggesting a shear strain in the c-axis of the structure. No peaks
corresponding to the a-plane were detected, indicating a preferred out-of-plane orientation.
The full width half maximum (FWHM) of the rocking curve (RC) was 2.4◦ for all samples,
except for RF-200, which showed RC FWHM = 3.2◦, confirming the limited impact of
substrate-RF on the crystallinity level of the films. SEM images of the stacks’ cross-sections
are shown in Figure 2b, indicating a thickness of 190 nm with no noticeable variations
among different substrate-RFs.
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3.2. Dielectric Properties

The breakdown fields at 5 kHz, along with the extracted parameters from the Weibull
fit, are shown in Figure 3a. Comparable trends over frequency are noticed among the five
samples for both average field and shape factor (Figure 2b,c). The highest breakdown is
found for the RF-0 sample, which shows up to 7.5 MV/cm with a 5 kHz input frequency. A
high substrate-RF, and hence a higher compressive stress, reduces the breakdown field but
also increases the extracted shape factor, which indicates less scattered data values.
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The summary of the electrical performance in the kHz range is presented in Figure 4a,b,
which show pristine tanδ and dielectric permittivity, respectively. Low substrate-RFs are
characterized by lower losses (tanδ < 0.008) and ε going from 17.2 to 18.5. On the other
hand, tanδ > 0.01 and ε = 16.5 are extracted for the sample RF-150 and RF-200, indicating a
larger impact on the electrical response from a GPa level of stress.
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current density of the non-switching sweep.

Figure 4c shows the logarithmic behavior of the non-switching leakage current density
among the samples. RF-0, RF-50, and RF-100 are characterized by a large asymmetry, with
higher losses when a negative bias is applied. Opposite trends are noticed according to
the applied bias polarity, e.g., tensile–stress states show lower losses when a positive bias
is applied and larger losses with a negative bias. In order to understand the source of the
leakage, the current densities are plotted with different axis to discriminate a Schottky from
Poole–Frenkel emission, as described in [38]. Despite that a linear trend is found in both
ln(J/T2) vs.

√
E and ln(J/E) vs.

√
E, Schottky emissions result in permittivities in line with

the published work in [16,17], differently than the Poole–Frenkel model, which results in
unrealistic values (>30). A summary of the extracted optical permittivities is reported in the
supplemental material. Examples of the Schottky emission plot at 25 ◦C for RF-0, RF-100,
and RF-200 are reported in Figure 5, while Figure S1 shows the complete overview of the
measured leakage for all samples at different temperatures. Each plot is composed of four
curves, which come from the bi-polar, bi-directional sweeps, and they are labeled according
to the combination of bias–polarity and polarization–state. The positive-down (blue) and
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the negative-up (yellow) curves show the leakage from sweeps which induce switching,
while the remaining curves, positive-up (orange) and the negative-down (purple), derive
from the bias-voltages with the same polarity as the films.
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Figure 5. Example of leakage current densities for (a) RF-0, (b) RF-100, and (c) RF-200 measured
at 25 ◦C and plotted versus the square root of the field to indicate the linear relationship between
ln(J/T2) and

√
E, typical of Schottky emissions. Each leakage measurement considers the combination

of bias (positive or negative) and film polarity (up or down). Figure S1 in the supplemental material
summarizes the measured leakage for all the sample at three different temperatures.

It is clear how the gap between the blue and orange curve (positive bias), as well as
the gap between the purple and yellow curve (negative bias) highly changes among the
samples, indicating two distinct static resistive behaviors per each polarization, which
gradually converge with increased substrate-RF to have a complete un-hysteretic leakage
with RF-150 and RF-200.

3.3. Ferroelectric Properties

First, the ferroelectric properties were studied from high-voltage, uni-polar triangular
pulses applied at different frequencies. As shown in Figure 6a, two distinct current re-
sponses arose from the first and second pulses, i.e., the switching and non-switching pulses.
A peak, in correspondence with the maximum voltage and indicating a large resistive
in-phase current, is noticed for both pulses, while only the switching pulse induced a
second current peak, which is distinguishable among all the tested frequencies.
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The coercive fields were extracted from the ferroelectric current peak and plotted in
a logarithmic scale in Figure 6b. Except for RF-150, whose fields were 1 MV/cm higher,
comparable magnitudes are noticed among the first three wafers, with the RF-0 sample
showing a switching field as low as 1.9 MV/cm at 10 Hz and up to 3.1 MV/cm at 5 kHz.
No switching peaks were detected for the RF-200 sample. The corresponding P-E loops
are presented in Figure 6c, which show a decrease in both coercive field and polarization
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with lower RFs. The study further analyzes the ferroelectric polarization of the films by
measuring the electrical dynamics of the switching mechanism. After having identified
the minimum voltage needed to fully reverse the films, the polarization charge is extracted
from the current response in the output of a fixed-voltage reset pulse, P-R-1, which is
applied 1 s after a variable positive write pulse (W(v,t)). Figure 7 shows the adopted train
of pulses along with the measured output currents for the different samples. It is clear how
the write pulse width, which varies from 50 µs to 1 s, with v = 60, (W(60,t)), has a clear
impact on the polarization state of the films.
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Figure 7. (a) Modified PUND method to analyze the polarization dynamic of the films. (b–e) Corre-
sponding output read currents for different time-widths of the write pulse, from 50 µs to 1 s, for all
the switchable samples: (b) RF-0, (c) RF-50, (d) RF-100, and (e) RF-150.

Thanks to the trapezoidal input waveform, a first analysis is possible by comparing the
current peaks, which are the sum of the capacitive, resistive, and ferroelectric components,
and the plateau currents, which instead filter out any time variant behavior. Similar trends
are noticed among the four samples, with an increase in plateau and peak current with
higher substrate-RFs, as shown in Figure S2. By varying the write amplitude along its time-
width, it is possible to map the complete polarization reversal though ferroelectric switching
models. As shown in Figure S3, an NLS model better described the polarization dynamic
when compared with the KAI model, indicating the need to express the ferroelectric
activation time through a Lorentzian distribution instead of a Delta Dirac. A summary of
the extracted NLS parameters is shown in Figure 8a–c, which confirms a higher polarization
for higher substrate-RFs (Figure 8a). The mean activation time andω show similar behavior
among the samples, with a linear dependence with 1/E and 1/E2, respectively, (Figure 8b,c),
indicating a similar behavior to HZO [35] and poly-PZT [39].
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4. Discussion

The substrate-RF has been demonstrated to have a direct impact on the films’ structure
and properties. Higher RF values increase the impinging energy of the specimen at the sub-
strate [22], resulting in larger compressive states and a larger out-of-plane lattice dimension
(Figure 9a). Even if more investigations are needed to map the whole effect on the lattice
structure, i.e., the a-axis, the reported variations in the dielectric and ferroelectric domains
evidence the critical role of a single process parameter in the deposition of AlScN thin films.
Overall, low substrate-RFs, and hence tensile states, showed better performance, with a
higher breakdown coercive field ratio and lower losses while maintaining a polarization
higher than 130 µC/cm2, as summarized in Figure 9b,c.
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Furthermore, the induced positive stress is reported to increase the gaps between the
polarization-dependent current emissions, resulting in larger hysteresis on the ln(J/T2) vs.√

E capacitor characteristic. As described in [13,16,17], the AlScN polarity highly affects
the band alignment with the metals, which results in different barrier heights and in a clear
shift in the leakage current for both positive and negative bias. Differently than [16], which
was based on a symmetric capacitor structure, we report a preferred orientation state for
the AlScN films, i.e., they are characterized by lower losses, which corresponds to the as-
deposited polarity, unchanged among all the samples. A zoom-in of the different resistive
behavior per different polarization states is presented in Figure 10a, which helps highlight
the horizontal jumps corresponding to the negative-to-positive switching. As indicated
by the arrows in Figure 10a, the measured shift is reported to decrease with the increase
of substrate-RF until having a completely un-hysteretic leakage for RF-150 and RF-200
samples, which suggests a weaker and weaker impact of the MFM state on the contact
interface. While the slopes remains invariant, i.e., with the same optical permittivities per
different states, the curve intercepts, (=ln(A × Tt) + qΦBn,app/(Kb T)), change according to
the MFM state, indicating a variation in the apparent Schottky barrier height (ΦBn,app) and
in the effective Richardson constant (A × Tt). Such variations are quantifiable by plotting the
extracted curve intercepts per different temperatures, as shown in Figures 10b and S4 for the
positive-up and positive-down combinations, respectively [16,17]. Figure 10c summarizes
how the lower the substrate-RF, the larger the impact of the polarization state on both
ΦBn,app and A × Tt., i.e., on the static behavior of the MFM structure. Compatible findings
are obtained within the ferroelectric characterization in both coercive field and polarization
extractions. As in the leakage analysis, on which low substrate-RFs induced lower fields
to transition from the two resistive states, the PUND-based measurements demonstrated
lower coercive fields with tensile stresses, confirming the previous works on the effect of
stress on the switching field [10,29].
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different temperatures to evaluate the induced barrier variations with a positive bias applied to the up-
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behavior: the left axis shows the difference between the extracted up-polarity ln(A × T) and down-
polarity ln(A × T), while the right axis plots the same difference calculated for the apparent barrier.

Additionally, the switching currents, in output of the same input voltage, exhibit not
only different voltage thresholds (i.e., voltage for which the current rises exponentially)
but also different levels of saturation current (i.e., current level at the end of the trape-
zoidal plateau) per different polarization states, confirming the varying resistive behavior
within the MFM structure. As in the leakage, such variations tend to decrease with higher
substrate-RFs until they have similar voltage thresholds and plateau currents per different
polarization state. It is worth mentioning how the RF-150 sample, despite an un-hysteretic
leakage behavior, still shows a switching current dependent on the write signal, differently
than RF-200, which does not show any sign of ferroelectric switching. The extracted NSL
parameters demonstrate how the induced deformations not only vary the resistive behavior
within the capacitors, but the whole switching dynamics as well. Like HZO [35] and poly-
PZT [39], a linear relationship between logτ with 1/E and ω vs. 1/E2 is noticed in the
AlScN films, indicating a similar predominant switching mechanism among the materials.
In particular, compressive states are reported to increase both the slopes of the logτ vs.
1/E andω vs. 1/E2 characteristics, suggesting slower and broader switching mechanism
for intermediate polarization states, which is a sign of an increase in the pinning sites
within the film. Future works will focus on the impact of electrode size, as well as on the
investigation of the RF-150 sample, which does not follow the trend and shows a very small
value of omega, which was constant over the different applied fields.

5. Conclusions

The paper demonstrates the effect of substrate-RF on 200 nm thin films deposited
from a 12” Al0.7Sc0.3 alloy target on a platinum substrate. From macroscopic to microscopic
properties, this work compares five films deposited with different RF levels, which resulted
in an induced DC bias at the substrate from−40 V to−76 V. Such a variation of energy leads
to an increase of the negative bow of the wafers, which corresponded to higher compressive
stresses of the films. This leads to different c-axis dimensions of the AlScN lattice structure.
An overall decrease of dielectric and ferroelectric properties with an increasing c-axis was
noticed. In particular, even if an undistorted lattice (and hence low stress) is preferred
within the released MEMS devices to avoid cracks and peeling, we demonstrate substrate-
RF as valuable knob to decrease losses and increase the breakdown to coercive field ratio,
while still maintaining high polarization values. Furthermore, low substrate-RF has been
demonstrated to enhance the effect of the MFM state on the contact barrier, producing two
distinct resistance paths per each polarization direction. In conclusion, we demonstrate the
high dependence of both dielectric and ferroelectric properties on substrate-RF, describing
its potential in obtaining integrable ferroelectric AlScN thin films.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13060877/s1, Figure S1. Summary of Schottky-emission plots
for all the samples at 3 different temperatures. From top to bottom: RF-0, RF-50, RF-100, RF-150,
RF-200, From left to right: 25 ◦C, 35 ◦C, 45 ◦C.; Figure S2. Summary of extracted optical permittivity
per different substrate-RF. The permittivities are extracted from the slopes of the ln(J/T2) vs.

√
E

characteristics [16]. Figure S3. Comparison NSL vs. KAI models, confirming a better matching with
measured data when the activation time is express though a Lorentzian distribution (NSL) instead of
a Delta-Dirac (KAI). Figure S4. Intercepts variations per different temperatures corresponding to the
down-polarity state.
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Abstract: In this work, we present a method for growing highly c-axis oriented aluminum scandium
nitride (AlScN) thin films on (100) silicon (Si), silicon dioxide (SiO2) and epitaxial polysilicon (poly-Si)
substrates using a substrate independent approach. The presented method offers great advantages
in applications such as piezoelectric thin-film-based surface acoustic wave devices where a metallic
seed layer cannot be used. The approach relies on a thin AlN layer to establish a wurtzite nucleation
layer for the growth of w-AlScN films. Both AlScN thin film and seed layer AlN are prepared by DC
reactive magnetron sputtering process where a Sc concentration of 27% is used throughout this study.
The crystal quality of (0002) orientation of Al0.73Sc0.27N films on all three substrates is significantly
improved by introducing a 20 nm AlN seed layer. Although AlN has a smaller capacitance than
AlScN, limiting the charge stored on the electrode plates, the combined piezoelectric coefficient d33,f

with 500 nm AlScN is only slightly reduced by about 4.5% in the presence of the seed layer.

Keywords: aluminium scandium nitride; piezoelectric thin films; MEMS; non-metallic substrates

1. Introduction

Already for decades, piezoelectric thin film AlN has been of interest for its excel-
lent dielectric properties as well as its chemical and temperature stability and has been
widely used in piezoelectric MEMS (microelectromechanical systems) sensors and actua-
tor elements [1–4]. In 2009, Akiyama et al. first reported that the piezoelectric coefficient
of AlN could be significantly increased by doping with Sc [5,6]. Since then, AlScN has
attracted great attention and has become a promising piezoelectric material for MEMS
applications [7–11]. Multiple studies on AlScN-based MEMS magnetroelectric sensors [12],
MEMS energy harvesters [13], MEMS quasistatic mirrors [14], and acoustic wave res-
onators [15–21] have been reported.

In most piezoelectric MEMS devices, AlN or AlScN thin films are grown on metallic
seed layers such as molybdenum (Mo) or platinum (Pt) to ensure good c-axis orientation,
where full width at half maximum (FWHM) values of the rocking curve measurements are
typically larger than 1.3◦ for AlN and larger than 1.6◦ for Al0.73Sc0.27N [22–26]. However,
metallic seed layers cannot be used for, e.g., piezoelectric thin-film-based surface acoustic
wave (SAW) devices [21], optical waveguides [27], or MEMS actuators with doped silicon
used as bottom electrode [28]. For these applications, the piezoelectric layer (AlN or AlScN)
has to be grown directly on substrates such as (100) silicon (Si), silicon dioxide (SiO2) or
epitaxial polysilicon (poly-Si), but still a high degree of c-axis orientation of AlN or AlScN
is required. For AlN the deposition on various Si-based substrates has been studied by
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Jiao et al. in [29] and SiO2 was found to be most suitable substrate for AlN c-axis growth.
Due to its higher piezoelectric response compared to AlN, AlScN films have attracted more
interest, thus becoming a focus in piezoelectric MEMS research. Although there is success
in growing AlScN films with low Sc concentrations on different nonmetallic substrates
(on high-resistivity (100) Si [21], low-resistivity boron-doped (001) Si [17,30], SiC [31]),
higher Sc concentrations present an increasingly difficult challenge for the growth of AlScN
films with exclusive c-axis orientation [10].

In this work, we present a largely substrate-independent method to grow wurtzite-type
AlScN films with exclusive c-axis orientation even for high Sc concentrations. Throughout
this paper, AlScN with 27% Sc is chosen as a balance between high piezoelectric coefficient
and robust deposition process. Hereafter, AlScN is used synonymously with Al0.73Sc0.27N.
AlN and AlScN films are deposited directly on (100) Si, SiO2 and poly-Si substrates, using
process parameters established for the growth on metallic nucleation layers. The microstruc-
ture and c-axis texture quality of AlN and AlScN films are investigated using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and high-resolution
X-ray diffraction (XRD). The evaluation of the surface morphology and rocking curve XRD
scans reveals that AlN films show a high degree of c-axis orientation on all investigated
substrates. This confirms that sputter deposited AlN is able to realize a good texture with
low distortions on many substrates, largely independent of the underlying texture [32–36].
In contrast, AlScN films grown directly on various nonmetallic substrates exhibit a high
density of misaligned grains. The superior crystalline quality of AlN films motivates the
approach reported herein to grow high quality AlScN on nonmetallic substrates using AlN
as the nucleation layer.

2. Experimental
2.1. Sample Preparation

AlN and AlScN thin films are prepared by DC reactive magnetron sputtering in an
Evatec Clusterline multichamber sputtering system. AlN films are sputter deposited in
a gas plasma mixture of argon (Ar) and nitrogen (N2) at a temperature of 300 ◦C, while
AlScN films are prepared by cosputtering of Sc and Al targets in a pure N2 plasma system.
The detailed process parameters are listed in Table 1. In this work, (100) Si, oxidized Si and
poly-Si are used as substrates to grow AlN and AlScN films. All three substrates have a
smooth surface on the front side (<2 nm RMS (root mean square)). Prior to the deposition
of piezoelectric layers, all substrates are heated to 200 ◦C for 30 s for degassing and then
cleaned by a soft Ar plasma surface etching (300 W for 40 s) in vacuum. In the first part of
this study, AlN as well as AlScN films with a thickness of 1 µm are deposited directly on
three different substrates, respectively. In the second part, in order to investigate the effect
of AlN seed layer on the crystalline orientation and piezoelectric response of AlScN thin
films, a 20 nm AlN layer is first deposited on substrates, followed by a 500 nm AlScN layer
after a vacuum break. For the characterization of the piezoelectric coefficient, the AlScN
film has to be sandwiched between bottom and top electrodes [37]. Therefore, a stack of
four layers consisting of bottom electrode, 20 nm AlN, 500 nm AlScN, and top electrode is
deposited on an oxidized Si wafer. Here, 20 nm Ti/100 nm Pt and 200 nm Mo are used as
bottom and top electrodes, respectively. All samples in this work are 8-inch wafer-scale
in size.

Table 1. Sputter deposition parameters of AlN and Al0.73Sc0.27N thin films.

AlN Al0.73Sc0.27N

Power on Al target (kW) 7.5 4.5
Power on Sc target (kW) / 3.5

Temperature (◦C) 300 300
Ar flow (sccm) 28 /
N2 flow (sccm) 84 70
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2.2. Characterization Methods

The surface structure of AlN and AlScN thin films is investigated using a critical
dimension scanning electron microscope (CDSEM, Hitachi), which allows loading and
imaging of 8-inch wafers. The crystal structures of AlN and AlScN films are examined by
performing XRD θ-2θ scans and ω scans in a Rigaku SmartLab diffractometer (9 kW, Hypix
detector) with Cu Kα radiation, a Ge(220)x2 monochromator and soller slit of 5◦.

Transmission electron microscopy analysis of the Si/AlN/AlScN stack is conducted on
a cross-section specimen, which is prepared using the focused ion beam (FIB) method and
milled down to electron-transparency (FEI DualBeam Helios600 FIB-SEM). The nanoscopic
structural and chemical analyses are performed on a probe CS-corrected Titan³ G2 60-300
microscope operating at 300 kV and a JEOL JEM-2100 transmission electron microscope
(thermionic source LaB6, acceleration voltage 200 kV) for selected area electron diffraction
(SAED). The elemental distribution across the Si/AlN/AlScN interfaces is probed by energy
dispersive X-ray spectroscopy (EDS) mapping using a Super-X EDS detector on the Titan³
microscope.

The piezoelectric coefficient d33, f is characterized using a double beam laser inter-
ferometer (DBLI) from aixACCT systems, which allows automatic measurement with an
8-inch wafer. As the piezoelectric coefficient depends on the ratio of the electrode size to
the substrate thickness [38], the d33, f shown in this work has been calibrated to its geometry
independent value.

3. Results and Discussion
3.1. Microstructure Investigations of AlN and AlScN Thin Films

Figure 1 shows the surface structures of AlN and AlScN films grown directly on
three different substrates. All AlN samples (Figure 1a–c) show a homogeneous surface
with small round grains, which indicates the successful growth of columnar grains with
c-axis orientation as already reported in multiple studies [11,25,30]. On the other hand,
the surface of AlScN on all three substrates (Figure 1d–f) is dominated by crystallites with
wedge-shaped structure, implying a poor c-axis orientation [25]. In addition, AlScN films
seem to be grown slightly better on Si and poly-Si substrates compared to SiO2 because
few areas without misorientated grains can be observed.

To further examine the crystal phase and quality of the samples presented in Figure 1,
XRD θ-2θ scans and ω scans are performed and shown in Figure 2. AlN and AlScN 0002
reflections at 2θ of around 36◦ [39] are detected. In addition, the reflections of crystalline
Si (100) orientation, poly-Si (111) and (220) planes are recorded in samples with correspond-
ing substrates. The full width at half maximum (FWHM) of the AlN 0002 reflection rocking
curve for all samples is less than 1.5◦. This confirms that the AlN films on all investigated
substrates are indeed well c-axis oriented. In contrast, for all AlScN samples, the measured
FWHM values of 0002 reflection are larger than 2.2◦, which is slightly higher than the
reported FWHM of AlScN 0002 reflection (approx. 1.6◦) reported in [25,39], which use
Ti/Pt and Si as substrates, respectively. This indicates a lower quality of c-axis orientation
of AlScN. The [0001] crystallographic direction of the out-of-the-plane misoriented grains
has been shown to be tilted between 60◦ and 90◦ [40].

By using the given process parameters, the growth of highly c-axis oriented AlN
directly on smooth surfaces (RMS < 2 nm) of amorphous SiO2, (100) Si and poly-Si wafers
can be achieved, despite the different crystallographic texture of the substrate materials,
in agreement with several studies [29,33,34,41]. However, a smooth surface alone is not
sufficient to grow high quality AlScN films on these substrates as the misaligned grains and
high FWHM values are measured. Our preliminary investigations show that the growth of
AlScN on Ti/Pt bottom electrode for identical process parameters is stable and highly c-axis
oriented (FWHM of 1.43◦). Consequently, AlScN films are more sensitive to the substrate
texture and irregularities. This fits with the observation that the c-axis orientation of AlScN
even on metallic electrodes decreases significantly with increasing Sc concentration [25].
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Figure 1. SEM surface view of 1 µm AlN deposited directly on (a) SiO2, (b) (100) Si, (c) poly-Si,
and 1 µm AlScN deposited directly on (d) SiO2, (e) (100) Si, (f) poly-Si without a seed layer.without a
seed layer.
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Figure 2. (a) θ-2θ scans of 1 µm AlN and AlScN grown directly on SiO2, Si and poly-Si substrates
without a seed layer; (b) Results of rocking curve measurements of AlN and AlScN 0002 reflections.
The FWHM is determined by fitting a pseudo-Voight profile using the XRD fit module (Python based
open source tool for XRD peak fitting [42]).

3.2. Microstructure and Piezoelectric Response of AlScN Films with a Thin AlN Seed Layer

To improve the c-axis orientation of AlScN on the investigated substrates, one option
is to optimize the deposition parameters. In our previous work [43], we showed that
the quality of Al0.73Sc0.27N films on SiO2 can be significantly improved by increasing
the cathode–substrate distance offset. In this work, instead of optimizing the process
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parameters, an ultrathin AlN seed layer is introduced to improve the growth of c-axis
oriented AlScN films on these substrates. We consider this approach to be more generally
applicable and easier to transfer to different substrates.

The SEM images of 500 nm AlScN with 20 nm AlN seed layer on the investigated
substrates are shown in Figure 3. Since the misoriented grains originate close to the
substrate surface [25,30], there is no major difference in the number of misoriented grains
between 500 nm and 1 µm AlScN films. A homogeneous surface with small grains is
observed for all three samples, on which only a small number of misoriented grains is
visible. Compared to the samples grown without the seed layer (Figure 1d–f), the c-axis
orientation of AlScN films is significantly improved. The structural quality of AlN/AlScN
films grown on SiO2, Si and poly-Si is characterized using XRD (Figure 4). The FWHM
values of AlScN 0002 reflection are slightly below 2◦ for all samples, which demonstrates
only a moderate improvement in respect to Figure 1d–f. Although there is a small difference
in 2θ values of AlN and AlScN 0002 orientations [10,11,39], a broadening of the 0002 FWHM
due to the reflection from the 20 nm thin AlN seed layer can be expected to be negligible.

(a) SiO2

AlScN
0.5 µm

(b) (100) Si

AlScN
0.5 µm

(c) poly-Si

AlScN
0.5 µm

Figure 3. SEM surface view of 500 nm AlScN grown on (a) SiO2, (b) (100) Si and (c) poly-Si with a
20 nm AlN seed layer.
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Figure 4. (a) θ-2θ scans of 500 nm AlScN grown on SiO2, Si and poly-Si substrates with the AlN
seed layer; (b) Results of rocking curve measurements of AlScN 0002 reflections. The FWHM is
determined by fitting a pseudo-Voight profile using the XRD fit module (Python-based open source
tool for XRD peak fitting [42]).

For further investigation of the local chemical composition and nanostructure at the
interfaces, the sample with Si/AlN/AlScN is selected for TEM analysis. The scanning
TEM annular bright-field (ABF) micrograph in Figure 5a provides an overview of the film
cross-section, showing columnar grain structures of AlN and AlScN layers. The quality
of the AlN/AlScN interface is further investigated by high-resolution STEM imaging
and elemental analysis. A magnified HRSTEM ABF image of the interface is given in
Figure 5b. By using the ABF detector, contrast-rich images with atoms shown by black
dots are recorded. The columnar grains with diameters <5 nm growing along the c-axis
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on both sides of the interface are well displayed. However, obtaining a clear image of the
interface is limited by the in-plane rotational disorder of the columnar grains and their
three dimensional superposition along the finite sample thickness, as well as the patchy
contrast spanning 2–3 nm in vertical direction across the interface region. The mosaic tilt
along the c-axis is additionally visualized in the electron diffraction pattern recorded on
the Si/AlN/AlScN multi-layers (see Figure 5c). The displayed intensity distribution can be
explained by the superposition of the individual [110] Si, [21̄1̄0] and [11̄00] AlN and AlScN
zone axis patterns. The high coherency of the Si lattice causes electrons to scatter into sharp
and bright reflections, whereas the different lattice constants of AlN and AlScN, as well as
the small out-of-plane mosaic tilts of individual columns and the in-plane rotation of the
fiber textured microstructure, result into diffuse and elongated intensities. The chemical
composition is examined by elemental maps and profiles of the averaged intensity, as
shown in Figure 5. Here, a peak in the oxygen signal is detected directly at the AlN/AlScN
interface indicating a partial oxidation of the AlN surface during the vacuum break. Such
partially oxidized interface has been reported before on a similar system and could not be
avoided even after applying an RF etch cleaning step [44]. However, the oxide interface
does not impede high-quality c-axis-oriented growth.

(d)

AlN

AlScN

(a) (b) (c)

5 nmSi

AlN

AlScN

50 nm

 Si  O 

 Al   Sc  N 

c*

 AlN 

AlScN

20 nm

Figure 5. TEM study of the sample Si/AlN/AlScN. (a) STEM ABF overview image showing the
columnar grain structures of AlN and AlScN layers on a natively passivated Si substrate; (b) HRSTEM
ABF image showing structural disorder at the AlN/AlScN interface; (c) SAED pattern containing
reflections of all layers corresponding to the [110] Si, [21̄1̄0] and [11̄00] zone axes of AlN and AlScN;
(d) STEM EDS elemental maps with integrated intensity profiles over the region of interest (dashed
frame). The O-K map demonstrates the formation of an interfacial oxide layer between AlN and
AlScN as well as the native oxide on the Si substrate.
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To investigate the effect of 20 nm AlN seed layer on the piezoelectric response, the
piezoelectric coefficient d33,f of 500 nm AlScN on sputtered Ti/Pt without and with the
seed layer are measured and shown in Figure 6. The measured average d33,f of AlScN layer
with the seed layer is 8.91 ± 0.03 pm/V, which is slightly lower (4.5%) compared to the one
without the seed layer (9.33 ± 0.02 pm/V). However, the homogeneity of the distribution
is not affected. The slightly lower piezoelectric coefficient is due to the lower dielectric
permittivity of AlN which limits the electric charge storage on electrode plates.
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Figure 6. Measured d33, f of (a) 500 nm AlScN and of (b) 500 nm AlScN with 20 nm AlN seed layer
on Ti/Ptsput on a wafer level.

4. Conclusions

In this paper, we demonstrate a method to grow AlScN films with a high degree of
c-axis orientation using same process parameters on various types of substrates, e.g., SiO2,
(100) Si and poly-Si. This approach is to introduce a 20 nm thin AlN seed layer, which
itself grows with good textural properties on most smooth substrates. By using an AlN
seed layer, the wurtzite-type structure is established in the AlScN layer, resulting in a good
c-axis orientation. The lattice mismatch between AlN and AlScN films seems to be of sec-
ondary importance in this context. In addition, there is only a small reduction (4.5%) from
9.33 pm/V to 8.91 pm/V in the piezoelectric coefficient d33,f of AlScN layers in the presence
of a 20 nm AlN seed layer with lower dielectric permittivity and piezoelectric coefficient.
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Abstract: This paper reports on the deposition and characterization of piezoelectric AlXSc1-XN (fur-
ther: AlScN) films on Si substrates using AlSc alloy targets with 30 at.% Sc. Films were deposited
on a Ø200 mm area with deposition rates of 200 nm/min using a reactive magnetron sputtering
process with a unipolar–bipolar hybrid pulse mode of FEP. The homogeneity of film composition,
structural properties and piezoelectric properties were investigated depending on process param-
eters, especially the pulse mode of powering in unipolar–bipolar hybrid pulse mode operation.
Characterization methods include energy-dispersive spectrometry of X-ray (EDS), X-ray diffraction
(XRD), piezoresponse force microscopy (PFM) and double-beam laser interferometry (DBLI). The
film composition was Al0.695Sc0.295N. The films showed good homogeneity of film structure with full
width at half maximum (FWHM) of AlScN(002) rocking curves at 2.2 ± 0.1◦ over the whole coating
area when deposited with higher share of unipolar pulse mode during film growth. For a higher share
of bipolar pulse mode, the films showed a much larger c-lattice parameter in the center of the coating
area, indicating high in-plane compressive stress in the films. Rocking curve FWHM also showed
similar values of 1.5◦ at the center to 3◦ at outer edge. The piezoelectric characterization method
revealed homogenous d33,f of 11–12 pm/V for films deposited at a high share of unipolar pulse
mode and distribution of 7–10 pm/V for a lower share of unipolar pulse mode. The films exhibited
ferroelectric switching behavior with coercive fields of around 3–3.5 MV/cm and polarization of
80–120 µC/cm2.

Keywords: AlScN; aluminum scandium nitride; piezoelectric thin films; piezoelectric; ferroelectric

1. Introduction

In 2009, Akiyama et al. first reported on the Sc doping of AlN films by the cosputtering
process [1]. These AlXSc1-XN films exhibited significantly increased piezoelectric properties
depending on the Sc concentration with a maximum at 43 at.% Sc (Al + Sc = 100 at.%).
Since then, research and development on AlScN films has increasingly gained attention
from research groups as well as industry worldwide. The focus is mostly on MEMS [2,3]
and acoustic wave applications [4,5], but energy harvesting applications [6–8] are also
gaining traction.

Furthermore, Fichtner et al. demonstrated in 2019 the possibility of ferroelectric switch-
ing in AlScN films with scandium concentrations between 27 at.% and 43 at.% [9]. The
ferroelectric switching occurs at coercive fields of 2–5 MV/cm, with higher Sc concentra-
tions showing reduced necessary fields for switching but in turn also lower polarization
values from above 100 µC/cm2 to around 80 µC/cm2. Further research by different groups
worldwide is ongoing [10,11].

One aspect that still proves very challenging for the development of AlScN deposition
processes is the increasing probability of the formation of abnormally oriented grains (AOG)
at the grain boundaries, especially at higher Sc concentrations [12], tensile film stress [5]
and higher film thickness [12,13]. This limits the process window in which films with good
piezoelectric properties can be fabricated as well as the possible applications. Therefore,
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to further extend the material and process range and enable new applications, additional
process parameters and adjustment options are necessary. One such process parameter is
the pulse mode of powering in reactive pulse magnetron sputter processes. Usually, the
configuration can either be unipolar or bipolar pulse mode. This results in different plasma
conditions and consecutively film properties. By developing and using a unipolar–bipolar
hybrid pulse mode, Barth et al. could freely influence film properties of cosputtered AlScN
films from Al and Sc targets in a much wider range, realizing highly oriented films with
thicknesses of up to several 10 µm [14]. This paper investigates if such pulse mode variation
can be used to deposit highly oriented Al0.7Sc0.3N films from Al0.7Sc0.3 alloy targets with a
high deposition rate and good homogeneity on a large area with adjustable film properties
in a wider range. This would offer new application opportunities, e.g., in thicker films of
several µm for energy harvesting or ultrasonic devices or as stress-optimized thin films in
multilayer stacks.

2. Materials and Methods
2.1. Film Deposition

The films were deposited using a reactive pulse magnetron sputter process described
in [14]. The double-ring magnetron DRM 400 uses two concentric targets, whose discharges
overlap to deposit homogenously on a wide area. Thus, films can be deposited with a very
high film growth rate of 200 nm/min with film thickness homogeneity of up to 0.5% on a
Ø200 mm area. Film thicknesses can be several tens of microns. By using the pulse unit
UBS-C2 developed by FEP and standard DC power supplies, the pulse mode of the pulse
magnetron sputtering can be adjusted as unipolar, bipolar or as a unipolar–bipolar hybrid
pulse mode. In unipolar pulse mode, a pulsed dc voltage is applied between each of the
two targets acting as cathodes and the separate hidden anode. In bipolar pulse mode, the
two targets are alternately the cathode and the anode. In hybrid pulse mode, different
shares of unipolar (Su) or bipolar (Sb) pulse modes can be applied in a period of 1 ms to
influence plasma parameters. The share of unipolar pulse mode is defined as the ratio
between the time fraction of unipolar mode tu with respect to the total time of one cycle of
unipolar–bipolar hybrid pulse mode, i.e., Su = tu/(tu + tb). The plasma parameters can be
adjusted in a wide range between both pure pulse modes, as shown in the plasma density
measurements of an example process of Si sputtering in Figure 1.
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In the case of AlScN film depositions, AlSc targets (3N5) with Sc contents of 30 at.%
were used. Argon and nitrogen (5N) were used as inert and reactive gas, respectively.
The gas flow was between 20 and 60 sccm, and the pressure was between 0.3 Pa and
0.8 Pa. A closed-loop reactive gas control was applied to stabilize the process in the
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transition mode [15]. The share of unipolar pulse mode in hybrid pulse mode operation
was investigated between 60% and 90% of the period. The chamber base pressure was
2 × 10−7 mbar. Before coating each sample, a precleaning of the substrate surface was
performed using rf bias etching in an Ar atmosphere. There was no additional substrate
heating or cooling beyond water cooling of the substrate platform applied.

2.2. Characterization

Film composition was determined by energy-dispersive spectrometry (EDS) of X-ray
(Octane Elect Plus, EDAX, Pleasanton, CA, USA) using 10 kV accelerating voltage and the
aluminum and scandium Kα lines for quantification.

Film stress measurements were performed using the wafer curvature method based
on Stoney’s equation. The measurements were carried out with a surface profiler, P15-Ls
(KLA Tencor, Milpitas, CA, USA).

The XRD characterizations were carried out in a Bruker D8 Discover diffractometer
equipped with a Göbel mirror for Cu-Ka parallel beam geometry and a 1D LynxEyeTM

XET semiconductor detector (Bruker AXS, Karlsruhe, Germany). θ–2θ scans in 1D detector
mode were used to characterize lattice parameters of the wurtzite structure. Film quality
in terms of crystallographic orientation was investigated by evaluating the (002) rocking
curve FWHM in 0D detector mode. For calculation of the wurtzite lattice parameter c, the
(002) peaks in θ–2θ scans were used. Peak fitting including a Cu-Kα1/α2 doublet correction
followed by a correction for instrumental 2θ alignment errors was carried out to extract the
exact 2θ peak positions from the raw data.

The piezoresponse force microscopy (PFM) measurements were carried out using an
AFM NX 20 from Park Systems (Suwon, Republic of Korea). Silicon wafers coated with a
Ti/Pt seed layer and bottom electrode for grounding connection were used as the substrate
for AlScN layers. An ac voltage with an amplitude of 10 V and 17 kHz frequency was
applied to a platinum-coated AFM tip (Spark 350 Pt) to measure PFM amplitude and phase
of inverse piezoelectric effect in off-resonance mode.

The piezoelectric and ferroelectric characterization was performed using a double-
beam laser interferometer (DBLI) of aixACCT systems GmbH (Aachen, Germany). This
method uses laser interferometry to measure surface displacement of the sample depending
on applied electrical voltage. By using a double-beam configuration, substrate bending
can be considered. The effective piezoelectric coefficient d33,f of the film material can be
calculated by measuring at different electrode pad sizes and correcting using a geometric
factor f(r), which is a function of the ratio of the pad size to substrate thickness and substrate
Poisson’s ratio. Besides d33,f, this also allows calculation of transverse effective piezoelectric
coefficient e31,f. The method is described in further detail in [16].

3. Results and Discussion
3.1. Composition and Structure of AlScN Films

The first coatings were performed directly on Si substrates, and the film thickness
distribution was ±1.5% at Ø180 mm and ±3% at Ø200 mm. The film composition was
determined by EDS. The results are shown in Figure 2. The Sc content of the AlXSc1-XN films
was slightly below that of the nominal target composition as given by the manufacturer,
especially at a longer distance from the symmetry axis of the magnetron, going as low as
28 at.% Sc at the radial position 100 mm, while being around 29.5 at.% Sc in the inner coating
area. These (minor) variations can be attributed to geometric effects such as shadowing
of particle flux by the outer plasma shields and the difference in angular distribution of
sputtered Al and Sc atoms. The latter effect is expected to be more pronounced at low
target–substrate distances (TSD 90 mm) and low pressure, i.e., a high mean free path
of atoms.
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From the 2θ position of AlScN (002) peaks in Figure 3, the c-lattice constant was cal-
culated as described in the Methods section. Film stress, e.g., due to energetic particle 
bombardment during layer deposition, results in a shift of the c-lattice parameter com-
pared to stress free values [17]. For c-axis-oriented films, the lattice parameter c increased 

Figure 2. EDS measurement of Sc content in AlScN and comparison to the Al0.7Sc0.3 target composition.

Figure 3 shows the θ–2θ scans of AlScN with 2.5 µm and 0.9 µm thicknesses on
Si/Ti/Pt with a 5 nm Ti and 40 nm Pt seed layer for different pulse modes and radial
positions. All films were highly c-axis-oriented, with (002) peaks being the main intensity
by far. The 2.5 µm-thick films deposited with a more unipolar pulse mode (Su = 90%),
revealing that there were also weak peaks of (102) and (103) orientation present, although
those had a very small intensity of 1:3500 relative to the (002) peak. On the other hand, the
films deposited with a lower share of unipolar pulse mode (Su = 60%) exhibited no (102)
or (103) peaks in the inner radial positions, while they appeared only at the edge of the
coating area (r = 90 mm), with intensity ratios to the (002) peak being 1/1000 and 1/2000,
respectively. The thinner films with 900 nm thickness, on the other hand, exhibited no
visible (102) or (103) peaks, regardless of pulse mode or radial position, indicating a high
crystalline quality over the whole coating area for the thinner films, similar to results for
thickness-dependent occurrences of AOG reported in [12].
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bombardment during layer deposition, results in a shift of the c-lattice parameter com-
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(61.7◦) and Cu W Lα1 (65.9◦); the peaks at 32.2◦ and 34.2◦ are the AlScN(002) Peaks by Cu Kβ1 and
Cu WLα1, as well as Si(200) by Cu Kα1 at 33.0◦, respectively.

From the 2θ position of AlScN (002) peaks in Figure 3, the c-lattice constant was
calculated as described in the Methods section. Film stress, e.g., due to energetic particle
bombardment during layer deposition, results in a shift of the c-lattice parameter compared
to stress free values [17]. For c-axis-oriented films, the lattice parameter c increased with
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increasing in-plane compressive film stress. Additionally, besides the effect due to film
stress, the lattice parameters a and c of AlScN increased with the incorporation of scan-
dium into the wurtzite structure. The lattice parameters of AlN are a = 0.31114 nm and
c = 0.49792 nm according to ICDD PDF-25-1133. According to calculations by other groups,
the a-axis lattice parameter of Al0.7Sc0.3cN should be increased compared to that of AlN
by ca. 4.4% to 0.3248–0.3250 nm, and the c-axis lattice parameter should increase by ca.
0.5–1% to 0.5003–0.5027 nm [18,19]. The calculated c-axis values from XRD measurements
for different pulse modes and radial positions are shown in Figure 4. As can be seen, the
mostly unipolar pulse mode (Su = 90%) was almost homogenous along the whole radius.
Film stress, as calculated with the wafer curvature method on a reference sample, i.e., an
AlScN-coated 8 inch Si wafer without any electrode layers, was homogenous over the
deposition area and around −700 MPa, therefore compressive. On the other hand, the
pulse mode with a lower share of unipolar (Su = 60%) was more inhomogeneous, with
a 2% bigger c axis in the wafer middle compared to the edge and thus a much higher
compressive stress of above 1.5 GPa. This is in line with previous results, revealing higher
plasma density near the substrate and higher energetic bombardment of the substrate at a
higher share of bipolar pulse mode (see Figure 1, [14]).
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Figure 4. Calculated c-lattice parameter of 0.9 µm films deposited with different hybrid pulse modes
depending on radial position (PDF 25-1133; theoretical AlN lattice parameter c = 0.49792 nm, as well
as calculated values for Al0.7Sc0.3N from [18,19] for comparison).

The rocking curves of (002) peaks shown in Figure 5 exhibited a similar behavior of
radial dependencies. The films deposited at pulse mode Su = 90% had homogenous values
of around 2.1–2.3◦ over the whole deposition range. In contrast to this, films deposited
with a higher share of bipolar pulse mode showed a significant increase in FWHM from
1.5◦ in the middle, where energetic particle bombardment during film growth was highest,
to 3◦ at the outer position, where energy bombardment was much lower. This is also in line
with Figure 3, where the 2.5 µm-thick film deposited at pulse mode Su = 90% showed a
homogenous occurrence of, although barely visible, (102) and (103) peaks, whereas the film
deposited at pulse mode Su = 60% exhibited them only at the outermost position.
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3.2. Piezoelectric and Ferroelectric Properties

The piezoelectric properties were characterized on 1.5 mm-thick 4 inch Si wafers to
take substrate deformation into account [16]. The bottom electrodes were 5 nm Ti and
40 nm Pt, and the top electrodes were 100 nm Al with different electrode diameters from
Ø0.5 mm to Ø2 mm for calculation of d33,f to take pad size effect into account.

The material parameter d33,f of 0.9µm AlScN films is shown in Figure 6. Every data
point refers to a least 20 single electrodes. These electrodes are within < ±5 mm distance to
the noted radial position in the figure. As can be seen, the films deposited at a more unipolar
pulse mode Su = 90% showed a homogeneous radial distribution of around 11–12 pm/V
with only a slight increase towards the outer coating area. This conforms with the XRD
data, which show homogenous rocking curve FWHM. On the other hand, the more bipolar
pulse mode resulted in films, which showed a maximum of d33,f = 10 pm/V in the middle
of the deposition area and a decreasing value until reaching 7 pm/V at radial position
around ca. 70 mm from the center with a slight increase towards higher radial positions
again. The maximum value of d33,f was lower compared to films grown at higher unipolar
pulse mode. This is somewhat congruent with the XRD data, as it shows an increase in
FWHM of (002) rocking curve towards the edge, although FWHM started at a lower value
compared to films deposited with a more unipolar pulse mode.
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Figure 7 shows the piezoresponse force microscopy measurements of AlScN deposited
with pulse mode Su = 60% at two radial positions. The film surface at the inner radial
position of 25 mm was homogenous with an arithmetic average roughness Ra of 1.4 nm,
whereas the films at outer position of 100 nm showed a high density of abnormal-oriented
grains (AOG) and thus a much higher roughness Ra of 9.7 nm. The measured piezoelectric
amplitude showed the same behavior, being homogenous in the inner 25 mm position and
having many areas without any piezoelectric activity at the 100 mm edge position of the
deposition area. Additionally, the piezoelectric phase of films was unipolar (N-polar) at
the inner position and bipolar at the outer position, meaning the film had grown both Al-
and N-polar. The cause for this is still under investigation. The most probable cause may
be some local distortions during film growth, supported by the higher ratio of AOG on
the surface.
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Figure 7. PFM results (area 5 µm × 5 µm) of 2.5 µm AlScN, deposited with Su = 60% pulse mode, at
radial positions 25 mm (a–c) and 100 mm (d–f): topography (a,d), piezoelectric amplitude (b,e) and
piezoelectric phase (c,f).

The ferroelectric switching of AlScN films deposited with pulse mode Su = 60% and
90% are exemplarily shown in Figure 8 for Ø0.75 mm top electrodes (area of 0.44 mm2).
The polarization after switching was ca. 80 µC/cm2 on the positive axis for both pulse
modes. On the negative axis of applied electrical field, the polarization was 120 µC/cm2

for Su = 60% and around 80 µC/cm2 with higher leakage current for Su = 90% at negative
electrical field. The coercive fields were at ca. 3.1 MV/cm and −3.5 MV/cm for Su = 60%
and ca. 3 MV/cm and −3.3 MV/cm for Su = 90%, respectively. This is in line with the values
reported by Fichtner et al., where AlScN with 27 at.% or 32 at.% Sc was reported to have
a polarization of above 100 µC/cm2 with coercive fields of around 4 to 5 MV/cm or 3 to
4 MV/cm, depending on the sign of electrical field, residual stress and Sc concentration [9].
Furthermore, Giribaldi et al. reported an effect of the electrode material on the Pt-AlScN-Al
layer stack [20], a layout similar to this paper. They reported the effect of asymmetry
of electrical properties as resulting from the combination of a Schottky junction at the
Pt–AlScN interface and an ohmic contact at the AlScN–Al interface. As an additional factor,
since the film stress of our sample was highly compressive, the resulting P-E loop and strain
response on the applied electrical field shifted accordingly. Maximum strain at ±4 MV/cm
for Su = 60% and 90% was 0.25% and 0.35% at positive strain (elongation of c axis) and
0.13%/0.18% and 0.23%/0.29% at negative strain (compression of c axis), respectively. This
is in line with the higher piezoelectric activity (Figure 6) and better crystalline quality
(Figure 3).
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Figure 8. DBLI measurement of polarization and strain of 1µm Al0.695Sc0.295N deposited with
pulse mode Su = 60% (left) and Su = 90% (right) on Ti/Pt seed layer with Ø0.75 mm Al top
electrode (= 0.44 mm2) depending on electrical field, measured at 1 kHz, average of 100 measurements.

4. Conclusions

This paper reports the deposition and characterization of ferroelectric AlScN films
with a Sc content of 30 at.%. Film composition was largely homogenous at 29.5 ± 0.5 at.%
Sc, with a decrease to 28 at.% at the edge due to geometric effects.

XRD θ–2θ scans revealed a highly oriented structure with high c-axis (002) orientation
at all parameters, although thick films with a large share of unipolar pulse mode (Su = 90%)
exhibited a small occurrence of (102) and (103) orientations with peak intensities of 1/3500th
of (002) peak intensity. Calculation of c-lattice parameters revealed a homogenous distri-
bution for more unipolar process conditions, with more bipolar pulse modes (Su = 60%)
resulting in films with a higher c axis, i.e., more compressive stress, at the inner coating
area. This is in line with known plasma parameter measurements, meaning higher plasma
density in the center for bipolar process conditions. Rocking curve measurements of AlScN
(002) peaks confirm this, as they revealed homogenous distribution of FWHM values for
the 90% share of unipolar pulse mode of around 2.2 ± 0.1◦ and a radial distribution for the
60% share of unipolar pulse mode, with 1.5◦ at the center of the deposition area and 3◦ at
the edge.

Piezoelectric characterization by double-beam laser interferometry showed d33,f values
of 11–12 pm/V for films deposited by hybrid pulse mode Su = 90% process conditions and
10–7 pm/V for Su = 60% process conditions with a decrease towards outer coating areas.
PFM measurements attribute the overall lower piezoelectric behavior of the films deposited
by Su = 60% to a stronger occurrence of AOG and a bipolar phase distribution.

The films showed ferroelectric switching behavior with coercive fields of 3 MV/cm
to 3.5 MV/cm for 0.9 µm AlScN films. Polarization of the films reached 80–120 µC/cm2,
depending on switching direction and pulse mode. The maximum strain at the highest field
of 4 MV/cm was around 0.35%, also depending on switching direction and pulse mode.

In short, the influence of pulse powering variation by special unipolar–bipolar hybrid
pulse mode on resulting film properties of AlScN was investigated. It was shown that good
structural and piezoelectric properties can be achieved with very high deposition rates of
up to 200 nm/min on large areas using this hybrid pulse mode operation.
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Abstract: III-V solid solutions are sensitive to growth conditions due to their stochastic nature. The
highly crystalline thin films require a profound understanding of the material properties and reliable
means of their determination. In this work, we have investigated the Raman spectral fingerprint
of Al1−xScxN thin films with Sc concentrations x = 0, 0.14, 0.17, 0.23, 0.32, and 0.41, grown on
Al2O3(0001) substrates. The spectra show softening and broadening of the modes related to the
dominant wurtzite phase with increasing Sc content, in agreement with the corresponding XRD
results. We investigated the primary scattering mechanism responsible for the immense modes’
linewidths by comparing the average grain sizes to the phonon correlation length, indicating that
alloying augments the point defect density. The low-frequency Raman bands were attributed to the
confined spherical acoustic modes in the co-forming ScN nanoparticles. Temperature-dependent
Raman measurements enabled the temperature coefficient of the E2(high) mode to be determined for
all Sc concentrations for the precise temperature monitoring in AlScN-based devices.

Keywords: aluminium scandium nitride; piezoelectric films; Raman spectroscopy; alloy scattering;
temperature coefficient

1. Introduction

Aluminium nitride (AlN) thin films, being a staple for commercial acoustic wave res-
onators, have been well investigated over the last two decades to improve understanding
of the growth–performance relation [1–3]. The advent of the Al1−xScxN (AlScN) pseudobi-
nary alloys [4] instigated further studies on the enhancement of the piezoelectric properties,
yielding the interplay of the wurtzite and hexagonal lattice configurations, which led to
the overall lattice softening [5] and the increased electromagnetic coupling [6]. The phase
formation diagram is complicated by the fact that pure ScN crystallises in the rock-salt
structure [7]. It was initially shown that only up to x = 0.22 could be introduced into the
AlN lattice before it converts to the cubic system [8]. However, the maximum amount of
Sc within the wurtzite lattice was later optimised: x = 0.41 [9]. The amount of Sc atoms
dispersed in the AlN wurtzite lattice has a dominant role on the physical properties of the
AlScN, which can, for instance, show even ferroelectric behaviour for x > 0.28 [10].

The phonon properties of these pseudobinary alloys are of great interest not only to
enable insights into the structural integrity and thermal properties of their crystals, but
also to provide reliable and non-destructive characterisation of the thin films in terms of
their dielectric and optical properties. The first results on the infrared-active phonon modes
were shown by Mayrhofer et al. for AlScN films of varied Sc composition in a narrow range
up to 15% [11]. The redshift of the E1(TO) band of AlN was shown to be proportional to
the Sc content, which was interpreted as the indication of the elongating M-N (M = Al, Sc)
bonds. Similar behaviour was also observed for the E2(high) and A1(TO) Raman bands
and compared to the evolution of the rest IR-active bands, thereby confirming a decrease in
the bond length as a result of increased bond ionicity [12].
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Despite the narrow range of the Sc concentration, the main trends in phonon properties
of the AlScN lattice have been unravelled so far while largely omitting the obvious impact of
the film’s microstructure on the spectral data. While the phonon frequency shift is evident
and expected in the framework of the lattice softening, the rest of the peak characteristics
are intricately entangled with the quality of the AlScN films. Although the influence of the
microstructure can be observed using both IR and Raman spectra, it can be approached
more accurately in the latter case [13,14]. Indeed, the large peak broadening observed in
the Raman spectra of AlScN alloys remains poorly understood, and so does their overall
spectral signature, which includes a few Raman bands addressed earlier [12,15–19]. It is
necessary for understanding the contributions of various mechanisms responsible for the
dramatic broadening of the Raman-active spectral bands, such as the possibility of the
rock-salt phase formation, alloy- or disorder-based phonon scattering, and size effect.

In this work, we investigated in detail the vibrational signatures of Al1−xScxN pseu-
dobinary alloys in a broad range of the Sc concentrations (up to x = 0.41). Our results
confirm the previous observations of the frequency shift and peak broadening for the Ra-
man bands observed in the c–axis–oriented films [12,15]. We show that the Raman spectra
of the alloys actually exhibit up to eight bands. Unreported bands are attributed to the
second-order phonon modes of the wurtzite AlScN lattice. Moreover, we investigated the
low–frequency spectral region, the investigation of which is usually limited by technical
difficulties. We found the presence of Raman bands which are proposed to be related to
the confined acoustic modes. In contrast to pure AlN, the second–order spectral features
stemming from two-phonon modes and phonon density of states are greatly enhanced as a
result of the bandgap shrinkage and a high density of the midgap states. The presence of
these electronic states is attributed to the point defects, the density of which is two orders
of magnitude higher than in pure wurtzite, as assessed via the phonon correlation length.
This was corroborated by temperature–dependent Raman measurements showing that
the phonon-defect scattering dominates over the phonon–phonon mechanism in AlScN
regardless of the Sc concentration. The determined temperature coefficients can be used for
the precise temperature determination in AlScN films via Raman spectroscopy.

2. Materials and Methods

First 1 µm thick Al1−xScxN layers with Sc concentrations x = 0, 0.14, 0.17, 0.23, 0.32, and
0.41 were deposited on single-sided, polished, 100 mm diameter Al2O3(0001) substrates
at chuck temperatures of 300–400 ◦C by reactive pulsed DC magnetron co-sputtering
(Evatec cluster sputter tool). In addition 99.9995% pure Al and 99.99% pure Sc targets were
sputtered in a pure N2 atmosphere; a constant total power applied to the Al and Sc targets
to achieve different Sc concentrations; all other growth parameters were kept constant. The
deposition parameters are described in detail in [9,20]. The Sc content with an accuracy of
x ± 0.02 was determined by energy dispersive X-ray (EDX) spectroscopy (Bruker Quantax,
Bruker Corporation, Billerica, MA, USA) in a scanning electron microscope (Zeiss Auriga
Crossbeam FIB-SEM, Carl Zeiss, Oberkochen, Germany). The compositional analysis of
the samples is described elsewhere [21]. The θ/2θ scans were obtained using a X-ray
diffractometer equipped with a 4-bounce Ge 220 monochromator, a parallel beam X-ray
mirror on the incident side, and a PiXcel3D detector (X’Pert3 MRD XL, PANalytical, Almelo,
The Netherlands). An atomic force microscope (NX20, Park Systems, Suwon, Korea) with
the AC160TS tip (radius: 2 nm) was used to investigate the surface morphology and
determine the roughness using Gwyddion software [22]. Raman spectra were collected
using the micro-Raman spectrometer (inVia Qontor, Renishaw, London, UK). The excitation
wavelength of the DPSS laser (Renishaw RL532) was 532 nm when used in combination
with the 2400 L/mm grating, yielding the spectral resolution of about 0.1 cm−1. The power
density of about 10 mW·µm−2 estimated for the 100× objective (NA = 0.75) was used to
avoid the heating of samples. The near-excitation tunable (NExT, Renishaw) filter was
used, enabling the collection of the anti-Stokes spectra. The baseline stemming from the
photoluminescence was subtracted from all obtained spectra using a polynomial function,
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describing the background signal increasing towards longer wavelengths. The temperature-
dependent Raman measurements were recorded using a thermostat, a hot plate-like stage
(T96-P, Linkam Scientific Instruments, Tadworth, UK). Due to the heating of the samples
from backside of the sapphire substrate, it was important to realise that the heating of the
AlScN films corresponded to the temperature setpoints. Provided the outstanding thermal
conductivity of sapphire, the temperature in the films was assumed to be equal to that
of the sapphire substrate. The calibration and tracking of the sample’s temperature was
performed using the A1g Raman-active mode of the sapphire substrate (417.4 cm−1 [23]).
The thermal coefficient of the Raman band was found to be −0.015 K·cm−1, which is in an
excellent agreement with previous studies [24].

3. Results and Discussion
3.1. Film Microstructure

The XRD scans of the Al1−xScxN (x = 0, 0.14, 0.23, 0.32, 0.41) films grown on the c-plane
Al2O3 substrates show the 000l (l = 2, 4) reflections of the nitride and 000l (l = 6, 9) reflections
of the oxide compounds (Figure 1). The lack of additional peaks assigned to the AlScN and
the reflections stemming from the c-plane suggest that the films are highly c-axis-oriented.
Pole figure measurements confirm in-plane oriented growth of AlScN with the epitaxial rela-
tionship defined as [10-10]AlScN//[11-20]sapphire and (0001)AlScN//(0001)sapphire [21].
Provided that the film thickness values are similar, the variation in the peak intensity indi-
cates different amounts of the diffracting domains, and the variation in the peak linewidths
suggests their diverging size distributions (Figure 1, inset). The trends for the peak position,
which are dependent on the Sc concentration and the thermal strain, are in agreement
with the previously reported ones [20,25,26]. The alterations in the peak positions and
linewidths of the (0004) reflection peak mirror the behaviour observed for the (0002) one
scaled due to the higher 2θ angles, which suggests good uniformity for the long-range
order. The peak intensity is continuously reduced for higher amounts of Sc, which can be
related to the size reduction of crystalline domains. No peak solely related to the rock-salt
ScN or AlScN phase, which might have been expected in the alloy phase diagram [8],
was observed in the diffractograms, confirming the dominating wurtzite phase in the
pseudobinary AlScN alloy.

Figure 1. XRD symmetric θ/2θ scans of AlScN films with various Sc amounts. Inset: the 2θ range in
the vicinity of the (0002) peak of the AlScN alloy.

Figure 2 shows AFM micrographs of the films, revealing the pebble-like morphology
characteristic of the AlN films grown via magnetron sputtering [27,28]. The AFM results
revealed a less random arrangement of the grains being seemingly clustered into short
chains of hemispherical droplets, which resembled the surface of AlN after the annealing
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process [29] and thus indicated the relation to the alteration of the adatom surface mobility
with adding more Sc. When applying the structure zone model [30], the worm-like surface
texture is characteristic for the low adatom mobility [31], which is caused by the different
kinetic energies of co-sputtered species. The surface of the Al0.59Sc0.41N film reveals the
presence of larger grains located at the nodes of the worm-like surface. These specific grains
may be attributed to the abnormally oriented grains of AlScN observed for the cases of
high Sc concentration [21,32]. The surface roughness of the films decreased when alloying
to more Sc atoms and reached its minimum value for x = 0.32 of the scandium composition.
The following increase in the roughness values for the film alloyed with the highest Sc
amount was related to the bright protrusions visible in the image. Nevertheless, the
roughness values below 2 nm revealed that AlScN films were largely smooth and exhibited
no surface structures to be assigned to other crystalline phases. Thus, the investigation of
the film microstructure showed that the films of the pseudobinary AlScN alloys on Al2O3
consisted of one crystalline wurtzite phase, which was oriented along the c-axis, indicating
columnar growth.

(a)

(d)
Sq = 1.8 nm

Sq = 1.2 nm
Figure 2. Surface morphology of the thin films with the following Sc content, x = (a) 0 (AlN), (b) 0.14,
(c) 0.32, (d) 0.41 obtained via AFM. The sample with x = 0.23 is not shown. The false colour scale is
common for all images. The rms roughness, Sq, values is indicated on the corresponding images.
Insets: complimentary 1× 1 µm2 AFM images.

3.2. Vibrational Properties

The Raman spectra of the AlScN/Al2O3 system, shown in Figure 3, are complex
because of the multiple spectral bands of different origins. In order to properly assign them,
the spectra have to be approached by inspecting the film and the substrate separately. The
spectrum of the aluminium oxide substrate indicates the single-crystalline c-plane oriented
corundum by the numerous sharp peaks. The most pronounced ones are at about 416.7,
576.3, and 748.8 cm−1, corresponding to the A1g and 2 Eg modes, respectively [23]. These
spectral bands are present in all Raman spectra shown, indicating the penetration depth of
the laserline, which spanned through the entire depth of a nitride film. The spectrum of
pure AlN exhibits the first-order Raman-active modes, such as E2(low), E2(high), and quasi
A1(LO) (labelled as “QLO”) [33]; and the second-order modes—optic overtone [K3, M] and
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A1-symmetry optic combination and overtone [34]. The spectral band at about 1189.4 cm−1

is assigned to the overtone of the A1(TO) mode. The peak parameters, such as the spectral
position and linewidth, are given in Table 1, to which we will refer from here on. According
to the symmetry selection rules for the wurtzite-type crystals [35], the present combination
of the visible spectral bands confirms the c-axis texture of the nitride films.

Figure 3. Raman spectra of AlScN films with various Sc concentrations. The spectra are stacked for
clarity. The spectral bands of pure AlN are labelled by the dash lines to emphasise their low-frequency
shifts in Al1−xScxN as a guide to the eye. The Raman spectrum of the Al2O3 substrate revealed the
bands unrelated to the nitride films.

The spectral position of the E2(high) mode in the spectrum of pure AlN (cf. Table 1)
suggests a significant level of the tensile residual stress, which can be estimated to reach
up to ca. 2 GPa, according to the Raman biaxial stress coefficient of −3.8 cm−1·GPa−1 and
stress-free phonon frequency of 656.7 cm−1 [36]. Such a high value of the residual stress,
beyond the yield strength of AlN (ca. 0.3 GPa), however, suggests that the biaxial stress
is not the only contribution to the peak position. Moreover, wafer bow measurements
revealed the residual stress of ca. 1.1 GPa [37]. As we show below, another important
factor is the hydrostatic stress caused by diverse point defects. This is corroborated by
the large linewidth values of all AlN bands, being inversely proportional to the phonon
lifetime limited by phonon scattering. The phonons can be scattered by other quasiparticles,
such as phonons and electrons, or the lattice irregularities. Considering the columnar
microsctructures of the films, we expect significant contributions to the phonon scattering
in AlN by the grain boundaries and overall point defects.

Table 1. Peak position and linewdith (FWHM) of the Raman-active bands collected from the AlScN
films with the various Sc concentrations.

E2(high) QLO (O + A)1 (O + A)2 2A1(TO) Overtone
[K3, M]

A1 Optic
Comb &

over
Position
(FWHM)
[cm−1]

Position
(FWHM)
[cm−1]

Position
(FWHM)
[cm−1]

Position
(FWHM)
[cm−1]

Position
(FWHM)
[cm−1]

Position
(FWHM)
[cm−1]

Position
(FWHM)
[cm−1]

AlN 649.1 (12) 883.7 (10) 1189.4 (16) 1258.1 (23) 1347.3 (35)
Al0.86Sc0.14N 630.2 (53) 852.1 (36) 963.5 (38) 1071.8 (77) 1185.6 (57) 1241.8 (45) 1303.5 (79)
Al0.73Sc0.23N 622.6 (55) 839.0 (57) 952.9 (85) 1061.6 (87) 1169.9 (55) 1232.0 (47) 1292.3 (94)
Al0.68Sc0.32N 603.8 (72) 824.5 (65) 942.0 (123) 1054.3 (89) 1156.4 (53) 1221.3 (52) 1282.6 (84)
Al0.59Sc0.41N 592.2 (94) 814.6 (69) 930.0 (147) 1052.3 (85) 1149.5 (54) 1215.9 (53) 1279.0 (95)
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The Raman spectra of the AlScN films evolve with the Sc concentration (Figure 3) in
perfect agreement with the previous reports [12,15]. Namely, the peaks, which correspond
to the E2(high) and QLO bands, shift towards lower frequencies, making the trend inversely
proportional to the Sc concentration. We also observed a drastic enhancement of the bands
above 900 cm−1, corresponding to the two-phonon modes, which may be related to the
resonance enhancement in AlScN, the dielectric function of which drastically changes upon
alloying [9]. Moreover, the expected high defect density promotes the midgap electronic
states. The defect-state electron transitions in the visible light range can thus facilitate the
resonance enhancement of the Raman scattering effect [38]. Apart from the three modes
observed in the spectrum of the AlN film, two more bands at around 963.5 and 1071.8 cm−1

are evident for AlScN. Their assignment to the combination of the acoustic and optic modes,
for example, TA + A1(TO) or E2(high), requires further investigations. The assignment
of the two-phonon modes to the “interference fringes” [15] can be ruled out by the fact
that the peak positions (cf. Table 1) are also redshifted, though not as drastically as in the
case of the first-order modes. Another observation concerns the overall amplification of
the spectral background, which may be attributed to the relaxation of the Raman selection
rules as a result of the lattice disorder, enabling the visibility of the phonon density of
states (pDOS). This is the reason for the absence of the E2(low) mode in the spectra of
AlScN. The relaxation of the momentum (q) conservation, observed as the enhancement
of the background signal and typical broadening of the spectral features, is well known
from the studies of other III-V solid solutions [33,39–42]. The origin of the relaxation is the
substitutional disorder, which leads to the activation of the non-Γ-point (q 6= 0) phonon
modes [41], which may either be seen as separate peaks or as peak tails contributing to
the asymmetry of the pristine first-order modes [40]. Their actual spectral appearance
is governed by the curvature of the phonon dispersion relations in the Brilloun zone.
Given that AlScN pseudobinary alloys represent the amalgamation type of optical phonon
behaviour [42], and since rock-salt ScN exhibits no first-order modes, no localisation of
disorder structure is expected [41]. This implies the typical effects of the compositional
fluctuation [43], and thus the asymmetric peak broadening and the non-linear linewidth
variation with the Sc concentration, which is obvious from the retrieved peak characteristics
(cf. Table 1). Due to the absent phonon dispersions for AlScN, we can approximate the
behaviour of spectral modes using the ones of AlN [33,34], focusing on the two main
first-order modes, E2(high) and QLO, visible in all spectra (Figure 3). One can clearly see
that the dispersions of these two modes are dramatically different: while the E2(high) mode
almost does not disperse from the zone-centre towards the edges, the QLO one spreads
in the range of 200 cm−1 in Γ-H direction. This difference explains the stark asymmetry
of the QLO mode in the spectra of AlScN, while E2(high) remains symmetric even at the
highest Sc concentration. The further theoretical studies would be necessary to verify this
likely interpretation. We can hence conclude that the disorder-activated spectral features
can be understood in the framework of typical compositional disorder, which originates
from alloying, and the high-degree long-range ordering in the films is validated by the
corresponding XRD patterns.

Thus, the evolution of the Raman bands due to Sc alloying can be traced only for two
one-phonon bands and two-phonon bands (observed in AlN). Using the knowledge of
the residual film stress in the AlScN films [37], we can estimate the shift of E2(high) mode
as a function of Sc concentration, x, assuming that the Raman biaxial stress coefficient is
invariable:

∆ω = −126.14·x
The slope factor of−126.14 is obtained via a linear fit of the peak position values (cf. Table 1)
with a subtracted contribution from the residual film stress. Comparing the slope to the one
reported by Deng et al. [12], our slope factor is almost two times lower, which stems from
the fact the Raman peak is visible at much higher Sc concentrations, confirming the high
quality of these epitaxial films. Additionally, we surmise that the biaxial stress coefficient of
the E2(high) mode in AlScN films may drastically differ from the one of AlN, which further
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increases the uncertainty for the application of Raman spectra for the Sc concentration
determination.

Apart from the one-phonon Raman bands, the Raman spectra of AlScN films also
feature bands in the low-frequency region (Figure 4a). The suppression of the intense
Rayleigh peak via the notch filter also enables us to observe the anti-Stokes side of the
spectra. In the spectrum of AlN, we can clearly observe the E2(low) mode at 249.5 cm−1

(on the Stokes side) and its anti-Stokes counterpart at −249.5 cm−1. The intensity of the
Stokes-side Raman band is substantially higher than the one of the anti-Stokes counterpart,
in accordance with the Bose–Einstein distribution of phonons [44]. The alloying of AlN with
Sc leads to the emergence of the intense and broad band between 100 and 250 cm−1 in the
spectra of AlScN films. Moreover, its spectral position is seemingly proportional to the Sc
content (Figure 4b). The redshifted Stokes and anti-Stokes maxima and the peak intensities
differ negligibly. Although their relation to Sc alloying is clear, the underlying mechanism
of their Raman activity can only be controversially discussed. As discussed earlier, the
alloying practically increases the overall defect density, which might lead to amorphisation
in its extreme case. The latter is known to relax the momentum conservation law of the
photon–phonon scattering process, allowing the detection of the phonon density of state in
Raman spectra [45,46]. According to the phonon structure calculated for pure AlN [34] and
ScN [47] lattices, no considerable density is expected to be observed in the spectral range
below 200 cm−1. This fact rules out the assignment of the bands to the pDOS and a possible
resonant enhancement of the acoustic phonons by the bandgap narrowing or alloy-induced
absorption in AlScN. Surmising no relation to a particular crystalline phase, their origin
may have a purely geometry nature. This is corroborated by the similar peak intensity,
which contradicts the ratio of the intensity values of the Stokes and anti-Stokes bands
dictated by the Bose–Einstein statistics. The similar low-frequency bands were observed
in the Raman spectra of various semiconductor nanoparticles [48,49] emerging due to the
confinement of the spheroidal acoustic phonons [50,51]. The obvious linear dependence of
the peak position on the Sc content (Figure 4b) resembles the ωmax ∝ d−1 relation, where d
is a particle diameter [48] suggesting that alloying AlN with more Sc leads to an increase
in the particles’ average size. The existence of AlN nanoparticles can also be ruled out by
the comparably large crystallites detected via the XRD study. Thus, the actual origin of the
nanoparticles can only be assumed to stem from the rock-salt ScN phase. In addition, it is
more energetically favourable for rock-salt phases to form the spherical nanoparticles due
to the isotropy of their crystal structure.

While the fundamental softening mechanism of the one-phonon bands due to Sc
alloying is understood [5,12], the means of their broadening are not sufficiently explained
in the discussion of the phonon lifetime reduction [17]. From Table 1, it is clear that
broadening of the one-phonon bands depends on the Sc concentration more then that
of the two-phonon bands, which may be expected taking into account their probabilistic
origin. We thus focus on the linewdiths, Γ, of the E2(high) and QLO modes, for which the
correlation length (i.e., mean free path) can be estimated as follows

l =
s√
Γω0

where s is the dispersion parameter, having the same order as the acoustic velocity and ω0
is the mode position [52]. The longitudinal acoustic velocity was estimated via the relation
between the elastic constant, c33, and the film density, ρ [53], using the data obtained via
the DFT simulation of AlScN pseudobinary alloys [54]:

VL =

√
c33

ρ

The theoretically obtained values of the film density agree well with the experimental ones,
corroborating their use in our analysis [55]. The derived values of the acoustic velocity and
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the phonon correlation length can eventually be used to assess the point defect density, l−3,
provided in Table 2.

Figure 4. (a) Raman spectra of AlScN films at the low frequency spectral region. The spectra are
stacked for clarity. The spectral bands are labelled by the positions of their maxima. The asterisk
marks the band related to the Al2O3 substrate. (b) The positions of the low-frequency bands plotted
as a function of the Sc concentration. The dashed lines are the linear fits.

Table 2. Material properties of the AlScN pseudobinary alloys, such as the elastic constant, c33, and
the mass density, ρ [54] necessary to estimate the longitudinal sound velocity, Vl , and the point defect
density, (l)−3. The mode position and linewidth are taken from Table 1.

c33 [GPa] ρ [g·cm−3] Vl [m s−1] (l)−3 [ cm−3]

AlN 351.7 3.194 10,493.5 1.65 × 1019

Al0.86Sc0.14N 292.8 3.240 9506.0 1.91 × 1020

Al0.73Sc0.23N 253.1 3.268 8800.2 2.54 × 1020

Al0.68Sc0.32N 211.9 3.295 8020.4 4.73 × 1020

Al0.59Sc0.41N 169.3 3.319 7141.7 9.75 × 1020

The defect density value is two orders of magnitude larger in the case of AlScN with
x = 0.42 of Sc when compared to pure AlN, which underlines the contribution of the point
defects in the phonon scattering. This means that every 100th lattice position can present a
certain defect, which, however, is still way too low to account for all substituting Sc atoms,
comprising almost one half of Al atoms in the lattice of the sample with the highest Sc
concentration. This example shows a very high sensitivity of the Raman scattering process,
whereby even a minute presence of defects is reflected by the width of Raman peaks.
Despite our assumption of the point defects due to alloying [56], another contribution to the
defect density can be considered originating from the grain boundaries. The contributions
from the phonon–phonon and phonon–electron scattering are discussed in the next section.
To estimate the share of the scattering on grain boundaries, it is compelling to compare the
phonon coherence length values to the average grain size in the AlScN films. The average
size of the crystallites (i.e., coherently diffracting crystalline domains) can be estimated
using XRD symmetric scans (Figure 1) via the well-known Scherrer Equation [57] assuming
the shape factor of 0.9. We employed the AlScN (0002) reflection accessing the crystallite
size in the out-of-plane direction, i.e., perpendicular to the film surface. Provided the
anisotropy of the film growth due to the columnar structure of the nitride films, the in-
plane grain size can be retrieved from the AFM topography images via the grain analysis
algorithms. The average grain size values are plotted together with the phonon coherence
lengths as a function of the Sc concentration (Figure 5).
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Figure 5. Average grain size and phonon correlation length as a function of the Sc content in the
AlScN films. The continuous lines are given as guides to the eye.

The out-of-plane grain size of AlN grains was determined to be twice as large com-
pared to the in-plane size, which agrees with the c-axis texture and the columnar growth
of the nitride. The difference in the grain size values becomes smaller with the higher
Sc content, reaching the equal magnitudes for the samples with x > 0.3 due to the larger
grains seen via AFM (Figure 2) and the reduction of the grains in the orthogonal direction.
The decrease in the out-of-plane grain dimension was observed by a similar trend in the
phonon correlation length values, determined for the E2(high) and QLO modes separately.
Despite the different polarisation of the Raman modes, the phonon correlation length of
the double-degenerate E2(high) mode follows the one of the out-of-plane QLO modes,
suggesting the phonons also travel less along the basal plane of the AlScN lattice. Even
though this interpretation contradicts the positive trend of the in-plane size growth shown
in Figure 5, the discrepancy may arise due to the worm-like surface morphology facilitated
by clustering of individual grains. Thus, the similar trends in the correlation length values
estimated using both Raman modes indicated the isotropic distribution of the scattering
centres, suggesting point defects to be responsible for the low correlation length values.
The phonon correlation length was estimated to be one order of magnitude lower than the
average grain size in the out-of-plane direction overall, indicating that the lattice irregu-
larities are ubiquitous and they become even more pronounced with the addition of Sc.
We can hence speculate that the grain boundaries play a lesser role in the scattering of the
optical phonons. Provided that the point defects also contribute to the hydrostatic stress
in the lattice, high point defect density influences the spectral position of the mode itself,
which explains the “impossibly high” residual biaxial stress in the AlN sample.

3.3. Temperature-Dependent Raman Measurements

Figure 6 shows the position and the linewidth of the E2(high) mode obtained from
the Raman spectra recorded at the elevated temperatures. The softening of the mode
with the film heating was observed for all the AlScN films with different Sc contents
(Figure 6a), which indicates the thermal expansion of the lattice due to the increase in
the anharmonic phonon–phonon interactions, as expected. The phonon softening in this
narrow temperature range is linear [58], conveniently enabling the temperature monitoring
of the thin films. The linear approximations of the temperature coefficient [58] for the
E2(high) mode, shown in Figure 6a, varied with the Sc content. Compared to the one in
AlN (0.0222 K−1·cm−1 [59]), the increase in the coefficient values can be seen reaching
up to 0.1157 K−1·cm−1 for the highest Sc content. The five-fold difference suggests the
dramatic changes in the anharmonic potential in AlScN corresponding to the stronger
interatomic interaction [60], which contradicts the widely observed softening of the one-
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phonon bands as a result of bond length increase [12,15]. Additionally, the softening of
the material should be accompanied by the lowering of the coefficient of the thermal
expansion (CTE), but the experimental results showed the opposite behaviour [20]. The
mechanism behind the ascending temperature coefficient should be related to the increase
in the bound charge carrier density, realised through the alloying with Sc and the defect
formation. It is instructive to see that the film with the least Sc added resulted in a
temperature coefficient value (0.0143 K−1·cm−1) lower than the one in AlN. The similarly
low temperature coefficient values were found for CVD-grown AlScN with 20% of Sc [19].
Thus, we can conclude that the temperature coefficient is not only a function of the Sc
concentration, but it also depends on the defect density, which may significantly alter the
temperature monitoring.

(a) (b)

Figure 6. (a) E2(high) mode position and (b) FWHM of AlScN films with various Sc concentration
plotted as a function of temperature. The values given in (a) are the Raman temperature coefficients
determined from the linear fit of the data.

In contrast to the clear trends in the peak position, the peak linewidth (FWHM), also
known as the damping constant, weakly increases with the temperature increase (Figure 6b).
Moreover, it may seem inconsistent between the AlScN films with different Sc concentra-
tions. Despite the large peak widths, the determination error increases proportionally to
the alloying degree owing to the possible contributions from the enhanced signals of the
pDOS. Assuming a considerable uncertainty in the FWHM values, we conclude that the
damping constant values failed to show any temperature dependence, and the fluctuation
of the values was caused by a fitting uncertainty exclusively. This interpretation leads to
the conclusion that the low phonon lifetimes as a result of the considerable point defect
density cloak the anharmonic phonon–phonon scattering contribution usually responsible
for the temperature-related peak broadening [61].

4. Conclusions

The vibrational structure of AlScN pseudobinary alloys in the thin-film form with
various Sc content grown on sapphire substrates was investigated in this work by means of
Raman spectroscopy. The films were confirmed to exhibit the wurtzite structure with the
c-axis orientation facilitated by the columnar growth and the pebble-like surface, regardless
of Sc content. Apart from the modes expected for the AlN-based wurtzite lattice, the
Raman spectra of the AlScN films exhibited an enhanced phonon density of states and
the long-time neglected second-order phonon modes. The one-phonon modes were used
to analyse the defect density, which rose by almost two orders of magnitude in the case
of AlScN with the highest Sc content examined. The comparison between the phonon
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correlation length and the average grain size showed the dominant role of the point defects
originating largely due to the alloying. The temperature-dependent Raman measurements
enabled the temperature coefficients for the E2(high) mode to be determined, which can
be used for the temperature monitoring in the AlScN-based devices. Using the near-
excitation tunable notch filter, the low-frequency Raman spectra were recorded for the
first time, demonstrating the Raman-active bands between 100 and 150 cm−1 attributed
to the acoustic phonons confined in the spherical nanoparticles. We showed that Raman
spectroscopy allows multifaceted material characterisation in the field of III-V compounds
and their alloys, owing to the robust vibrational properties of the condensed matter. This
work enables further studies of the vibrational properties of Al1−xScxN alloys concerning
the dependence of pressure and temperature in broader ranges.
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60. Solonenko, D.; Gordan, O.D.; Lay, G.L.; Şahin, H.; Cahangirov, S.; Zahn, D.R.T.; Vogt, P. 2D vibrational properties of epitaxial

silicene on Ag(111). 2D Mater. 2016, 4, 015008. [CrossRef]
61. Balkanski, M.; Wallis, R.F.; Haro, E. Anharmonic effects in light scattering due to optical phonons in silicon. Phys. Rev. B 1983,

28, 1928–1934. [CrossRef]

49





Citation: Wolff, N.; Islam, M.R.;

Kirste, L.; Fichtner, S.; Lofink, F.;
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Abstract: Ferroelectric thin films of wurtzite-type aluminum scandium nitride (Al1−xScxN) are
promising candidates for non-volatile memory applications and high-temperature sensors due to their
outstanding functional and thermal stability exceeding most other ferroelectric thin film materials.
In this work, the thermal expansion along with the temperature stability and its interrelated effects
have been investigated for Al1−xScxN thin films on sapphire Al2O3(0001) with Sc concentrations
x (x = 0, 0.09, 0.23, 0.32, 0.40) using in situ X-ray diffraction analyses up to 1100 ◦C. The selected
Al1−xScxN thin films were grown with epitaxial and fiber textured microstructures of high crystal
quality, dependent on the choice of growth template, e.g., epitaxial on Al2O3(0001) and fiber texture
on Mo(110)/AlN(0001)/Si(100). The presented studies expose an anomalous regime of thermal
expansion at high temperatures >~600 ◦C, which is described as an isotropic expansion of a and c
lattice parameters during annealing. The collected high-temperature data suggest differentiation of
the observed thermal expansion behavior into defect-coupled intrinsic and oxygen-impurity-coupled
extrinsic contributions. In our hypothesis, intrinsic effects are denoted to the thermal activation,
migration and curing of defect structures in the material, whereas extrinsic effects describe the
interaction of available oxygen species with these activated defect structures. Their interaction is the
dominant process at high temperatures >800 ◦C resulting in the stabilization of larger modifications
of the unit cell parameters than under exclusion of oxygen. The described phenomena are relevant for
manufacturing and operation of new Al1−xScxN-based devices, e.g., in the fields of high-temperature
resistant memory or power electronic applications.

Keywords: aluminum scandium nitride; thermal stability; structure analysis; X-ray diffraction;
ferroelectrics

1. Introduction

Thin films of scandium-substituted aluminum nitride (Al1−xScxN or ‘AlScN’) are a
pioneering new class of ferroelectric materials with wurtzite-type structure and unidirec-
tional polarization reversal resulting in square-like hysteresis loops [1–5]. Their ultra-stable
remnant polarization and high coercive fields promise ferroelectric field-effect transistor-
based non-volatile memory devices maintaining large memory windows combined with
high access speed, high endurance and low energy consumption [6]. In this respect, the
integration of AlScN on Si has been demonstrated recently for ferroelectric field-effect
transistors as well as GaN technology-based structures, e.g., for high electron mobility tran-
sistors [7–10] with integrated memory functions. Further, thin films of AlScN are potential
candidates for high-temperature actuation and sensing applications in harsh environments
(T > 500 ◦C) or for high-temperature non-volatile memory due to remarkable temperature

51



Micromachines 2022, 13, 1282

stability of the wurtzite-type structure and its piezo/ferroelectric properties at least up to
1100 ◦C [11].

In contrast, many conventional oxide-based piezoelectric and especially ferroelectric
thin film materials such as Pb1−xZrxTiO3 or BaTiO3 are limited in their usable temperature
range either by phase transitions (relatively low Curie temperatures), which describe
the transition from the pyroelectric and thus ferroelectric state to a paraelectric state, or
chemical decomposition [12,13]. Numerous detailed studies on temperature-dependent
physical properties, e.g., the change in coercive fields [14,15], the pyroelectric coefficient [16],
thermo-electro-acoustic coupling and thermal expansion [17–19], have been conducted to
date, but only moderate temperatures of max. 400 ◦C were investigated. Recently, we also
reported on in situ and ex situ high-temperature investigations, addressing the structural
stability of Al1−xScxN (x~0.3) thin films [11,20]. However, depending on the annealing
conditions, thin film stack and deposition conditions, both degradation of crystal quality
and improvement after annealing were observed. Thereafter, the overall picture of the
thermal stability of AlScN thin films in the high-temperature regime remains diffuse and a
discussion of the influence of the Sc content is still missing.

Structurally, the substitution of Al atoms by Sc atoms into the AlN4 tetrahedra distorts
the (Al, Sc)-N bond lengths and bond angles of the three bonds forming the basal plane of
the new tetrahedral MN4 (M = Al, Sc) unit. As a result, the in-plane lattice parameter a and
out-of-plane lattice parameter c change anisotropically with increasing concentration of
Sc [19]. Statistical calculations on supercell models support this relationship showing that
Sc increases disorder and symmetry breaking, establishing a tilt of the MN4 tetrahedra [21].
In consequence, a pronounced elastic softening along the c-axis is observed [17] which
couples to the evolution of the internal displacement parameter u of the cation–anion
distance described by the product uc. The compromise between the ideal tetrahedral
coordination of Al (u = 3/8) and the favored octahedral coordination of Sc (u = 1/2)
results in the displacement of Sc in the tetrahedra. With increasing Sc concentration, this
displacement approaches a theoretical layered hexagonal phase with u = 0.5 promoting
phase transition [21]. The flattened energy landscape with increasing Sc concentration [22]
also improves the materials’ piezoelectric response up to d33~27 pC/N at x = 0.43 [23] and
promotes ferroelectric switching in high electric fields [1]. In conclusion, the substitution
of Al by Sc in AlN in tetrahedral positions destabilizes the wurtzite-type crystal structure,
resulting in a phase transformation above x > 0.46 to a non-polar cubic AlScN exhibiting
rocksalt-type structure with octahedral coordination [24,25].

With this contribution, we extend our previous work on Al0.73Sc0.27N thin films on tem-
plates of Mo(110)/AlN(0001)/Si(001) [11] and match our new results to high-temperature data
of Al1−xScxN(0001)/Al2O3(0001) to provide a joint perspective on AlScN films subjected to
the high-temperature regime. In the latter systems, the Sc content was varied from Sc x = 0.0 to
0.40 to study Sc content-dependent thermal expansion behavior and high-temperature stability.
The discussed results are based on the combination of X-ray diffraction techniques and in situ
annealing experiments. Our measurements reveal the increasing structural destabilization of
AlScN with increasing Sc content. Further, the demonstration of thermally activated effects is
described, which drive an unexpected volume expansion at intermediate and high tempera-
tures exceeding 550 ◦C. The high-temperature branch of thermal expansion is separated into
intrinsic and extrinsic contributions related to oxygen impurities resulting in an irreversible
change in the lattice parameters after annealing. Our results could have implications for the
integration of AlScN thin films into metal–ferroelectric–metal capacitors for actuator, sensor
or computing structures designed for high-temperature operation exceeding 500 ◦C up to the
materials’ Curie temperature of >1100 ◦C.

2. Materials and Methods
2.1. Thin Film Samples

Three different sets of Al1−xScxN thin film samples summarized in Table 1
were observed:
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Table 1. Summary of all thin film samples investigated in this study.

Al1−xScxN(0001) #1 #2 #3

Template Mo(110)/AlN(0001)/Si(001) Al2O3(0001) Mo(110)/AlN(0001)/Al2O3(0001)
Sc concentration x 0.27 0, 0.09, 0.23, 0.32, 0.40 0.40

Thickness 400 nm 1000 nm 400 nm

Microstructure Fiber textured Epitaxial with columnar
growth

Epitaxial with columnar
growth

XRC (FWHM) 1.6◦ 0.9–1.6◦ 0.7
SiNx passivation As specified No Yes

(#1) Thin films of Al0.73Sc0.27N (thickness 400 nm) were deposited on high-temperature-
stable metal electrode Mo(110)/AlN(0001)/Si(001) templates using an Oerlikon MSQ200
multi-source pulsed-DC sputter chamber and previously reported processes [26,27]. These
films show a typical highly c-axis-oriented fiber texture (the 0002 XRD rocking curve (XRC)
full-width at half-maxima (FWHM) is ~1.6◦) with a small number of misoriented grains [26].
Surface capping of the films with a 100 nm layer of amorphous SiNx was applied to protect
the film from oxidation during high-temperature treatment.

(#2) Epitaxial 1 µm thick films of Al1−xScxN (x = 0, 0.09, 0.23, 0.32, 0.40) with c-axis-
oriented columnar growth were deposited onto sapphire Al2O3(0001) wafer substrates
(diameter: 100 × 100 mm) by reactive pulsed-DC magnetron sputter epitaxy (MSE). For
the depositions, an Evatec cluster sputter tool with a base pressure of ~5 × 10−6 Pa in
a co-sputtering configuration of 99.9995% pure Al and 99.99% pure Sc targets (diameter:
100 mm) was used running a process described in previous studies [17,28]. The FWHMs
of XRC scans for the AlScN 0002-reflection are in the range of 0.9 and 1.6◦ for x = 0 and
x = 0.40, respectively.

(#3) Epitaxial thin films of Al0.6Sc0.4N (thickness of 400 nm) with c-axis-oriented
columnar growth on a template of Mo(110)/AlN(0001)/Al2O3(0001). The films were
deposited according to the procedure described in [29] and capped with a 100 nm thick
layer of SiNx for passivation during annealing experiments.

2.2. X-ray Diffraction Experiments

The temperature-dependent microstructural changes in all thin film samples were
investigated via XRD experiments on as-deposited samples as well as during and after
in situ experiments. The structural properties of the as-grown epitaxial films (#2) were
analyzed on a PANalytical X’Pert Pro MRD diffractometer equipped with a multi-layer
mirror and a 2 × Ge 220 monochromator, providing Cu-Kα1 radiation (λ = 154.06 pm).
XRD experiments on the sample sets #1 and #3 were conducted on a Rigaku SmartLab
diffractometer operated under similar conditions. To characterize the as-deposited and
annealed samples, phase analyses and mosaic tilt analyses were performed by recording
2θ/θ-scans and rocking curveω-scans of the AlScN 0002-reflection.

To study effects of high-temperature annealing in (#2) Al1−xScxN/Al2O3 films as a
function of Sc concentration, we performed in situ XRD measurements in the temperature
range of 30–1000 ◦C. The experiments were conducted at a base pressure of ∼6 × 10−3 mbar
achieved inside a graphite dome heating furnace (Anton Paar, Ostfildern-Scharnhausen,
GermanyDHS 1100 Domed Hot Stage) placed in a PANalytical Empyrean diffractometer
equipped with a PIXcel hybrid detector (Malvern Panbalytical, Kassel, Germany). 2θ/θ
andω/2θ diffraction scans were recorded after 20 min hold time at selected temperatures
for approximately 60 min of dwell time. The heating rate was set to 150 ◦C/min. Lattice
parameters were estimated from scans of the symmetrical 0004-reflection and asymmet-
ric 10–15-reflection with shallow (−) and steep (+) angles of incidence ω, similar to the
technique described by Herres et al. [30]. For the analysis of sample set #1 and #3, simple
2θ/θ-scans were conducted during in situ heating experiments under similar conditions
using an AntonPaar (DHS 1100) hot stage placed on the Rigaku diffractometer and as
described in [11].
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In addition to the in situ examinations, we also conducted an ex situ annealing ex-
periment to compare the high-temperature behavior of samples exposed to and protected
from oxygen-contaminated environments during high-temperature annealing. Here, a
Al0.73Sc0.27N/Mo(110)/AlN(0001)/Si(001) sample was placed inside a self-built tube fur-
nace keeping a quartz tube under vacuum (3–4 × 10−7 mbar). Initially, the quartz tube
was annealed without the sample to 800 ◦C together with Ti getter material to reduce the
amount of adsorbed oxygen on the tube walls. The actual annealing experiment was started
at a base pressure of 1.2 × 10−6 mbar and the temperature was increased to 800 ◦C in steps
of 150 ◦C and cooled down to room temperature in a single step.

3. Results

The Results section is structured in two parts. In this first part, in situ annealing
experiments on the fiber textured Al0.73Sc0.27N/Mo(110)/AlN(0001)/Si(001) (sample set #1)
thin films are discussed with respect to intrinsic and extrinsic effects of observed anomalous
thermal expansion. In the second part, the effect size of the thermal expansion behavior
and the microstructural changes to epitaxial thin film samples of Al1−xScxN/Al2O3(0001)
are analyzed depending on Sc concentration (0 < x < 0.40) (sample set #2). Structural data
recorded before and after annealing are discussed and data recorded during annealing will
be compared. Eventually, we conclude on our hypotheses considering data from sample #3.

3.1. Part A: Intrinsic and Extrinsic Effects of Anomalous Thermal Expansion in AlScN Thin Films

The exceptional robustness of the wurtzite-type structure and its ferroelectric polarization
switching have been recently demonstrated for 400 nm Al0.73Sc0.27N/Mo(110)/AlN(0001)/
Si(001) thin films during and after high-temperature treatment up to 1100 ◦C [11]. However,
the experimental data suggested a minor degradation of the crystalline quality during the
process, which is illustrated by highly comparable types of data collected on Al0.73Sc0.27N
thin films from the identical wafer as presented in Figure 1. The evolution with temperature
of the Al0.73Sc0.27N 0002-reflection profile centered at 2θ~36◦ shown in Figure 1a displays
the decrease in the maximum diffracted intensity of the Al0.73Sc0.27N component and the
development of a hump as a shoulder at lower diffraction angles of the 0002-reflection.
These observations indicate the reduction in the sizes of coherently scattering domains of
the Al0.73Sc0.27N phase and the formation of a top oxide layer of (Al,Sc)(N,O)x, which is
supported by energy-dispersive X-ray spectroscopy measurements on a scanning electron
microscope before and after annealing (not shown). No further peaks indicating oxide for-
mation were observed in the temperature-dependent 2θ/θ-scans (30–100 ◦C) (not shown).
Further, the temperature dependent 0002-reflection profiles in Figure 1a reveal the 0002-
reflection of the AlN seed layer at a temperature of 1000 ◦C (see arrows) at higher diffraction
angle with respect to the intensity maximum. This could be explained by differences in
thermal expansion coefficients of AlN and AlScN, which are known for temperatures up
to 400 ◦C [17]. However, when treating AlScN films at high temperatures, a transition
in thermal expansion is observed. The comparisons between the thermal shifts in the
0002-reflection maxima for Al0.73Sc0.27N and AlN thin films and the Mo(110)-reflection of
the Mo layer underneath Al0.73Sc0.27N are presented in Figure 1b. Here, the relative change
in the lattice spacings ∆d[T]/d0 reveals strong non-linearity in the thermal lattice expansion
of the Al0.73Sc0.27N film. The curve for the Al0.73Sc0.27N film (green curve in Figure 1b)
shows a non-linearity in thermal expansion changing from a linear low-temperature branch
to a high-temperature branch at a transition temperature of about Ttr~600 ◦C. The linear
slope of the low-temperature branch is (∆c[25 ◦C–600 ◦C]/c0)/∆T~4.4 × 10−6/◦C and
increases by a factor of 3 to (∆c[700 ◦C–1000 ◦C]/c0)/∆T~13.7 × 10−6/◦C in linear approxi-
mation to the high-temperature branch. Any influence of the underlayer is excluded by
comparison to the relative change in the underlayer’s Mo(110)-reflection which shows
highly linear expansion. Further, an AlN film deposited under identical conditions was
heated and shows a linear expansion of (∆c[25 ◦C–1100 ◦C]/c0)/∆T~3.5 × 10−6/◦C. Due
to the rather rough linear approximation over the entire temperature interval, the value
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for AlN is somewhat smaller but still consistent with literature data of 4.2 [20–800 ◦C] −
4.65 [20–400 ◦C] × 10−6/◦C [17,31].
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Figure 1. XRD in situ (with oxygen atmosphere) annealing experiments on Al0.73Sc0.27N and AlN
thin films grown on Mo(110)/AlN(0001)/Si(001) (sample set #1). (a) 2θ/θ-scan: Evolution of 0002-
reflection profile of Al0.73Sc0.27N and (b) relative changes in lattice spacings d with temperature
calculated from AlN(0002) and Al0.73Sc0.27N(0002)/Mo(110)-reflections.

To our knowledge, this strongly non-linear transition has not been observed to date
for AlScN thin films. In the case of many oxide materials, non-linear thermal expansion
behavior can be discussed in the context of oxygen- or oxygen vacancy-related effects
termed ‘chemical expansion’ [32]. These chemical expansion phenomena can be non-
reversible or reversible in nature. For instance, non-reversibility is observed in the case of
cation–oxygen networks forming in metallic glasses [33] or small structural transitions in
(Ba0.5Sr0.5)TiO3 induced by a change in oxygen site occupancy [34]. Reversible phenomena
are commonly observed in non-stoichiometric perovskite-based ion-conducting ceramics
which show pronounced chemical expansion depending on the oxygen partial pressure
and temperature [35,36].

Parallel to the strong oxidation of the AlScN film, the interaction with oxygen species
and the intrinsic defect structure of the material could lead to the strong thermal expansion
and irreversible changes. In this respect, the fiber textured columnar films could potentially
provide a Sc- and oxygen-enriched grain boundary structure [37], which could promote
pathways for atmospheric oxygen species into the material.

These preliminary experiments suggest the presence of residual oxygen contamination
of the annealing atmosphere inside the graphitic dome placed in the diffractometer. Hence,
the Al0.73Sc0.27N film was capped with a 100 nm thick SiNx layer to protect the film surface
from oxidation-dependent effects, allowing us to investigate the purely intrinsic material
contribution to the transition in thermal expansion behavior. With this experimental
design, new in situ annealing experiments were conducted up to 1100 ◦C. The evolution
of reflection profiles during the first and second annealing cycle and the corresponding
∆c(T)/c0 plots are shown in Figure 2. The reflection profiles depicted in Figure 2a exhibit
neither an oxide hump, nor a strong decrease in the reflection intensity, which is a sign
of improved structural stability due to avoiding surface oxidation. Instead, a negligible
XRD reflection broadening is observed by the increase in background intensity at higher
diffraction angles at 550 ◦C, which could be due to changes in the average crystallite size,
accumulation of defects and local lattice strains. Upon further annealing, no further changes
in the reflection profile (Figure 2b) are observed for a second temperature cycle, indicating
completed activation of any intrinsic processes until the applied temperature of 1100 ◦C.
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Figure 2. XRD in situ (with oxygen atmosphere) annealing experiments. Observation
of anomalous intrinsic lattice expansion on oxygen-protected SiN passivated thin films of
Al0.73Sc0.27N(0001)/Mo(110)/AlN(0001)/Si(100) (sample set #1). (a) 2θ/θ-scan: Evolution of the
0002-reflection profile during the first cycle. (b) 2θ/θ-scan: Evolution of the 0002-reflection profile
during the second cycle. (c) Relative change ∆c/c0 in lattice parameter with annealing temperature
in two consecutive annealing cycles.

The corresponding ∆c(T)/c0 plots for the first and second full temperature cycle
are displayed in Figure 2c. In the first cycle (red curve), the thermal expansion in the
low-temperature regime is consistent with uncapped films with (∆c[25 ◦C–400 ◦C]/c0)/
∆T~6.0 × 10−6/◦C (compare Figure 1b) and literature reference data (6.38 × 10−6 K−1)
for Al0.68Sc0.32N/Al2O3 [17]. However, a new and purely intrinsic regime at intermediate
temperatures is observed with (∆c[450 ◦C–650 ◦C]/c0)/∆T~22.2 × 10−6/◦C with much
higher expansion and lower transition temperature Ttr~450 ◦C. This value of thermal
expansion is almost double compared to the uncapped film at high temperatures with
Ttr > 600 ◦C. In the high-temperature regime of >650 ◦C, the expansion slows down and
reverses its sign (∆c[750 ◦C–1100 ◦C])/c0)/∆T~−1.5 × 10−6/◦C. After cooling down to
room temperature, linear thermal expansion over the entire temperature regime with
(∆c[1100 ◦C–30 ◦C]/c0)/∆T~ −6.0 × 10−6/◦C is observed and a small irreversible change
in the c lattice parameter remains at ∆c/c0~0.5 × 10−3, which is much smaller than for the
uncapped film. In a second temperature cycle (blue curve in Figure 2c), no anomalous
thermal expansion is observed, consistent with the reflection profiles.

The comparison of both experiments suggests that oxidation effects or the interaction
of material defects with oxygen species play a prominent role for high-temperature lat-
tice expansion at >800 ◦C and the irreversible change in respective lattice parameters at
room temperature.

This hypothesis is supported by the comparison of in situ XRD experiments with oxy-
gen in the annealing atmosphere and ex situ XRD experiments without available oxygen in
the atmosphere performed on uncapped films of Al0.73Sc0.27N/Mo(110)/AlN(0001)/Si(001).
In this study, the first sample was introduced into the in situ XRD analysis when performing
two consecutive heating cycles. The second sample was placed into a quartz tube furnace
which was evacuated to 10−7 mbar. Both samples were treated with identical temperature
profiles. In the first heating cycles, a maximum temperature of 800 ◦C was applied, which
is about the temperature at which the positive slope of the intrinsic expansion reverses,
whereas a maximum of 1000 ◦C was used in the second in situ heating hysteresis. After
the first ex situ cycle, a second temperature cycle was performed in situ to evaluate the 2θ
shifts in the 0002-reflection at higher temperatures.

The reflection profiles and plots of the relative thermal expansion are summarized
in Figure 3. Figure 3a shows the respective reflection profiles at selected stages during
the experiment. As expected, no oxide hump is observed after the ex situ annealing (blue
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line), suggesting a purely intrinsic thermal expansion behavior. For the in situ annealed
sample (red line), the oxide hump is observed. However, after performing the first cycles,
both samples show an irreversible change in lattice parameter of about ∆c/c0~1 × 10−3

in the plots of the relative thermal expansion shown in Figure 3b. This could indicate
that the observed oxidation does not have a major effect on the expansion at intermediate
temperatures and that the intrinsic contribution is dominating. By stopping the first cycle
at 800 ◦C, it is assumed that the intrinsic effects on the anomalously high positive thermal
expansion have all been activated and no further reaction would be observed. Indeed, this
holds true for both samples in the second cycle up to 800 ◦C (golden and turquoise lines).
By passing the 800 ◦C mark, comparable thermal expansion is observed when residual
oxygen is supplied by the annealing atmosphere which results in a strong oxidation and
large irreversible lattice changes ∆c/c0~3 × 10−3 after annealing.
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Figure 3. XRD annealing experiments on Al0.73Sc0.27N thin films grown on
Mo(110)/AlN(0001)/Si(001) (sample set #1). (a) 2θ/θ-scans: Evolution of 0002-reflection
profile after ex situ (without oxygen atmosphere) and during in situ (with oxygen atmosphere)
experiments. (b) Relative changes in lattice parameter c for Al0.73Sc0.27N thin films annealed ex situ
and in situ.

In summary, anomalous high thermal expansion and related irreversible lattice changes
have been observed upon thermal activation by annealing of AlScN thin films. The ex-
periments suggest an intrinsic material specific contribution activated at intermediate
temperatures of >600–800 ◦C which is superimposed with extrinsic effects acting in parallel
to oxidation of the films at temperatures exceeding 800 ◦C, if not protected by a surface
covering layer.

3.2. Part B: Discussion of Scandium Concentration in Al1−xScxN(0001)/Al2O3(0001) Thin Films

In this section, the discussion is turned towards epitaxial c-axis columnar grown
thin films of 1 µm Al1−xScxN on Al2O3 (sample set #2). The recorded XRD 2θ/θ-scans
for 1µm thick Al1−xScxN (0 < x < 0.40) films before and after thermal annealing are
shown in Figure 4a. All diffractograms of the as-grown sputtered Al1−xScxN thin films
demonstrate exclusive c-axis orientation as well as fixed in-plane orientation described
by epitaxial relationships (0001)AlScN//(0001)Al2O3 and (10–10)lScN//(11–20)Al2O3,
respectively [17]. After annealing in situ (with oxygen atmosphere) to 1000 ◦C, only the
000` (` = 2, 4, 6)-reflections are observed, indicating decent temperature stability of the
wurtzite-type phase for all examined Sc concentrations x.
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However, a considerable XRD reflection broadening of the 000`-reflection profiles
is observed after annealing for Sc concentrations x ≥ 0.23. This is paired with a shift in
the reflection position to lower 2θ values. The broadening of the 000`-reflections features
asymmetry, with the right tail of the Bragg reflection becoming extended relative to the left
tail. No hump on the 0002-reflections is observed, which could indicate a better stability
against oxidation for the epitaxial films with fewer grain boundaries. Indeed, rocking
curve measurements of the 0002-reflection (Figure 4b) confirm this broadening and provide
evidence for a structural degradation by the reduction in maximum diffracted intensity.

The XRD reflection broadening is mainly attributed to reduced sizes of coherently
scattering domains, the accumulation of defects and local lattice strain. A shift in the diffrac-
tion angle to lower values of 2θ in consequence of annealing is related to the expansion
of the c lattice parameter, as discussed in part A. However, the exact origin of the reflec-
tion broadening remains speculative without a structure model and Rietveld refinement.
Instrumental broadening of the reflections can be neglected due to the high mosaicity of
the AlScN films. A detailed analysis of the in-plane and out-of-plane lattice parameter
changes using data from the symmetric 2θ/θ-scans and asymmetricω/2θ 10–15(−) and
10–15(+)-reflection scans [30] is performed and the results are summarized in Figure 4c and
Table 2. From the comparison, it is apparent that the high-temperature annealing induces
irreversible changes to the lattice parameters of Al1−xScxN. These changes manifest in the
reduction in the a parameter and the increase in the c parameter in combination with the
degradation of the overall crystal quality (broadening of FWHM). A clear trend is visible
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in the magnitude of the effect which seems to scale with Sc concentration x indicating an
increasing instability of high-Sc alloys at elevated temperatures. For instance, in the case of
low-Sc content Al0.91Sc0.09N films, the irreversible change in the c lattice parameter is ∆c/c0
0.04% in contrast to high-Sc content Al0.60Sc0.40N films showing ∆c/c0~0.5%, associated
with a relative broadening of FWHM of 2.2% and 15.7%, respectively. We note that the film
with x = 0.23 shows a very large unexpected change in the a parameter, but follows the
general trend regarding the other parameters.

Table 2. Lattice parameters and mosaicity analyses of Al1−xScxN (0 ≤ x ≤ 0.4) thin films by XRD
before and after thermal annealing (sample set #2).

a [pm] c [pm] ω-FWHM [◦]

Sample As-
Grown Annealed ∆a/a0

[×10−3]
As-

Grown Annealed ∆c/c0
[×10−3]

As-
Grown Annealed ∆ω/ω0

[×10−2]

AlN 312.0 312.1 0.468 497.5 497.8 0.64 0.95 1.04 9.8
Al0.91Sc0.09N 313.6 316.0 7.64 498.3 498.5 0.39 1.07 1.10 2.2
Al0.77Sc0.23N 331.6 322.6 −27.13 498.8 499.6 1.66 1.53 1.59 3.7
Al0.68Sc0.32N 327.4 326.7 −2.38 497.3 499.7 4.80 1.64 1.89 14.9
Al0.60Sc0.40N 332.7 330.5 −6.61 494.2 496.8 5.33 1.78 2.06 15.7

The structural origin of the observed reflection broadening in high-Sc content films
could also be related to the competition between the hexagonal wurtzite-type phase and
the cubic rocksalt-type structure when approaching 46% Sc [23–25,38]. High-temperature
annealing could result in local phase destabilization and formation of nanosized cubic
domains in Sc-enriched regions, e.g., at defect sites or grain boundaries [37]. Such nano-
sized domains, as well as the migration of defects, e.g., dislocations, will lead to reflection
broadening and asymmetry by diffuse scattering and the formation of low-intensity shoul-
ders in diffraction patterns [39,40]. Typically, we would expect a phase transition to be
reversible, but here the strong and non-reversible increase in lattice parameters seems to
indicate irreversibility.

In further analysis of the in situ annealing experiments, the temperature-dependent
changes in the reflection profiles are followed individually. In Figure 5, thin films of
Al0.77Sc0.23N and Al0.60Sc0.40N are compared to demonstrate the difference between in-
termediate and high Sc contents. When comparing the reflection profiles, it is directly
apparent that the Sc content influences the structural stability and the activation tempera-
ture of the observed degradation effects. The evolution of both the symmetric 2θ/θ 0002-
and asymmetricω/2θ 10–15-reflection profiles shows a strong degradation of the initial
crystalline quality. The loss of structural coherence is most pronounced in the low-intensity
asymmetric reflections, which limits the precise calculation of in-plane parameters at higher
temperatures and after annealing. Concerning the XRD reflection broadening, for Sc
x = 0.23, the elevation of the background tails starts at a temperature of 850 ◦C, whereas
for Sc x = 0.40 these features are already observed at 700 ◦C and with larger magnitude
(Figure 5).
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Figure 5. Temperature-dependent changes in symmetric 2θ/θ 0002- and asymmetric ω/2θ 10–15-
reflection profiles for (a) Al0.77Sc0.23N and (b) Al0.60Sc0.40N compositions (sample set #2). 10–15-
reflections are measured with shallow (−) and steep (+) angles of incidence ω, see [30] for more
information on the method.

As before, the temperature-dependent changes in the reflection positions are used to
calculate the relative thermal expansion of both c and a lattice parameters. The resulting
thermal expansion is illustrated in Figure 6. Here, the relative changes in the c and a lattice
parameters over the temperature range 25–1000 ◦C are presented for the investigated films
in Figure 6a,b, respectively. In this analysis, the transition between the two expansion
regimes is evidenced for all Al1−xScxN compositions but not for AlN. Note that the films
are not protected against available oxygen species, hence, intrinsic and extrinsic processes
adding to the thermal expansion are superimposed. The transition from almost linear
and low-value expansion at moderate temperatures into large values of expansion at high
temperatures is observed for a and c. This expansion of the lattice is isotropic which is
visible from the almost constant c/a ratio plotted in Figure 6c. The transition temperature
Ttr seems to be related to the Sc content of the film, as well as the magnitude of the
expansion. Roughly estimated values from the plots are Ttr∼850 ◦C for Al0.91Sc0.09N and
Ttr∼550 ◦C for Al0.60Sc0.40N films as indicated by the vertical dotted lines in Figure 6b.
In detail, the thermal expansion behavior in the low-temperature regime (<550 ◦C) is
highly comparable for all Sc concentrations, in agreement with previous studies within this
temperature range [17]. In strong contrast, the high-temperature regime is characterized by
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a manifold increase in the expansion, depending on the Sc concentration (up to ∼8-fold
for Al0.60Sc0.40N). After cooling back to room temperature, the lattice parameters show
irreversible changes as discussed for Figure 4 and Table 2.
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Figure 6. XRD in situ (with oxygen atmosphere) characterization of thermal evolution of the lattice
parameters (sample set #2). (a) Relative change in the lattice parameter a and (b) lattice parameter
c indicating a high-temperature regime of isotropic thermal expansion and estimated values of the
transition temperature Ttr. Dashed lines serve as a guide to the eye only. Residual values of lattice
expansion after annealing are shown as square data points as given in Table 2. (c) Calculated c/a
ratios showing approximately isotropic thermal expansion for the investigated thin films across the
full temperature range.

For direct comparison with fiber textured samples from set #1, XRD measurements
during two temperature cycles were conducted for the Al0.68Sc0.32N film, Figure 7. The dis-
played temperature cycle and reflection profiles are highly congruent to the data recorded
on the fiber textured thin films with similar composition. An irreversible change of
∆c/c0~3.5 × 10−3 remains after annealing at 1000 ◦C (Figure 7a) and no further changes
are observed in the second temperature hysteresis, congruent with the measured reflection
profiles shown in Figure 7b,c.
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4. Discussion

The described experiments reveal high-temperature effects related to structural degra-
dation and irreversible anomalous non-linear thermal expansion behavior in AlScN thin
films depending on Sc content and film microstructure. The non-linear thermal expansion
is described by a transition from an initial expansion regime to a fast-expanding high-
temperature regime which is divided into intrinsic and extrinsic contributions, dependent
on the availability of oxygen. Available oxygen is believed to lead to the oxidation of
the material dependent on the film microstructure (oxidation was only observed for fiber
textured films with higher density of grain boundaries) but also enhances the expansion
effect size at T > 800 ◦C and stabilizes the increased lattice parameters. The effect size of
high-temperature expansion scales with the Sc content of the films, which could be related
to a higher defect density leading to the increased destabilization and easier oxidation.
A further indicator for the scaling defect density is the increasing magnitude of the peak
broadening, which was discussed as an indicator for defect movement as well. Besides
dislocations or grain boundaries, point defects such as nitrogen vacancies VN are one major
type of defect in AlN and AlScN thin films. Previous studies by Harris et al. have demon-
strated that the wurtzite-type structure of AlN can incorporate up to 0.75 at% oxygen under
thermal equilibrium conditions by substitution of N (ON) associated with the formation of
Al vacancies (VAl) [41]. Further insights into the structure relation of AlN films and oxygen
are provided by DFT modeling by Gasparotto et al. [42] showing that oxygen can have
significant influence on the lattice parameters.

The discussed examples show potential interrelations of oxygen-induced defect struc-
tures and changes to the lattice parameters. As observed in this work on AlScN thin
films, such phenomena could provide valid explanation for the discussed intrinsic and
extrinsic contributions to the anomalous thermal expansion at high temperatures. In addi-
tion, Sc has strong affinity for oxygen [43–45], and the intrinsic oxygen contamination of
AlScN thin films is supposed to scale with the Sc content as well. In this respect, Sc- and
oxygen-enriched grain boundaries were already evidenced [37] and the photoluminescence
emission of low-Sc films (x = 0.05) was already revealed to be dominated by oxygen de-
fects [46]. Further, modeling of the point defects in rocksalt AlScN resulted in preferable
defect complexes of substitutional and interstitial oxygen (ON + Oi) [47]. The observed
oxygen content-dependent destabilization of the lattice in Al-O-N is also consistent with
the increasing degradation of the crystal quality with Sc concentration and the formation of
oxide phases.

To support the above discussion, we designed a third sample of a SiNx-capped AlScN
film with high concentration of Sc x = 0.4 grown epitaxially on a sapphire substrate, i.e.,
SiNx/Al0.6Sc0.4N(0001)/epi-Mo(110)/AlN(0001)/Al2O3(0001). For such systems, previous
work [29] demonstrated that the special epi-Mo(110) electrode provides a growth template
for AlScN with one-dimensional single crystalline properties and low defect density. The
following assumptions are made: First, the SiN barrier should protect the thin film from
oxidation and interaction of oxygen species with the internal defect structure at high
temperatures. Second, by choosing a high amount of Sc, any effect magnitude is expected
to be large. Third, this AlScN thin film exhibits high crystalline quality with an FWHM~0.7◦

(from XRC) indicating highly oriented columnar grains originating from epitaxial growth
and a low defect density. Hence, the effect of any intrinsic, defect-driven anomalous
expansion should be strongly limited. Indeed, the recorded thermal expansion during
the first temperature cycle shown in Figure 8 shows almost linear expansion featuring
no anomalous behavior. This observation, although not expected so clearly, provides
supporting evidence for the above hypothesis.
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tice parameter c with temperature for epitaxial SiNx/Al0.6Sc0.4N(0001) on a template of epi-
Mo(110)/AlN(0001)/Al2O3(0001) (sample set #3).

In summary, the irreversible changes in the lattice parameters of Al1−xScxN/Al2O3
when exposed to atmospheric oxygen present in low-vacuum conditions are comparable to
fiber textured systems. The estimated transition temperatures between the low-temperature
expansion and high-temperature expansion regimes and the magnitude of the superim-
posed intrinsic and extrinsic contributions show a clear trend with the Sc content of the
films. With increasing Sc content, the transition temperature is decreased and the effect
sizes of thermal expansion and degradation of crystallinity are increased. The anomalous
thermal expansion can only be activated by temperature once. Further, the microstructure
and possibly the defect structure seem to impact the stability to oxidation of the films,
which seems not to be interrelated with the extrinsic part of high-temperature thermal
expansion. However, at very high temperatures >800 ◦C, hypothetically, oxygen species
could diffuse into the material via defects and grain boundaries and interact with thermally
activated defect sites to further drive the lattice expansion and act as obstacles to stabilize
the expanded lattice. Scandium is known to destabilize the AlN lattice by its larger cation
size and structural preference for octahedral coordination. Hence, increasing its concentra-
tion in AlN could induce higher defect densities, which are seemingly possible to activate
at lower temperatures by the flattened energy landscape.

5. Conclusions

The thermal stability and temperature-induced effects of AlScN thin film samples
with different microstructures based on the growth template were investigated by in situ
XRD. The degradation of the crystalline quality and a remnant lattice expansion in the
c-direction of up to 0.5% for epitaxial Al0.60Sc0.40N(0001)/Al2O3(0001) were observed as a
function of Sc concentration. There is first evidence that the remnant expansion is related
to the activation of intrinsic defects and the films’ oxygen affinity at elevated temperatures,
which are accounted for as intrinsic and extrinsic sources of anomalous thermal expansion.
The understanding of the exact details of these phenomena provides opportunity for
further investigations on the exact type of defect structures using more advanced methods,
such as positron annihilation spectroscopy [48–50]. The detailed understanding of the
intrinsic defect structures and temperature activation effects is of high importance for
the integration of sputtered AlScN layers into sandwich structures, e.g., for ferroelectric
field-effect transistor memory capacitors or ferroelectric tunnel junctions. That is especially
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relevant with respect to downscaling of the layer thickness and high-temperature operation,
where oxidation of the functional layer has to be prohibited and an anomalously high
expansion of the AlScN crystal lattice puts increased stresses on any neighboring crystalline
layers to avoid device failure via crack formation or delamination. In conclusion, our
investigation emphasizes the requirement of a low density of material defects in AlScN thin
films when operating at high temperatures and the benefit of integration with a protecting
top layer, e.g., a temperature-resistant electrode such as Mo or NbN.
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Abstract: Currently, there is a lack of nonvolatile memory (NVM) technology that can operate
continuously at temperatures > 200 ◦C. While ferroelectric NVM has previously demonstrated long
polarization retention and >1013 read/write cycles at room temperature, the largest hurdle comes at
higher temperatures for conventional perovskite ferroelectrics. Here, we demonstrate how AlScN
can enable high-temperature (>200 ◦C) nonvolatile memory. The c-axis textured thin films were
prepared via reactive radiofrequency magnetron sputtering onto a highly textured Pt (111) surface.
Photolithographically defined Pt top electrodes completed the capacitor stack, which was tested in
a high temperature vacuum probe station up to 400 ◦C. Polarization–electric field hysteresis loops
between 23 and 400 ◦C reveal minimal changes in the remanent polarization values, while the coercive
field decreased from 4.3 MV/cm to 2.6 MV/cm. Even at 400 ◦C, the polarization retention exhibited
negligible loss for up to 1000 s, demonstrating promise for potential nonvolatile memory capable of
high−temperature operation. Fatigue behavior also showed a moderate dependence on operating
temperature, but the mechanisms of degradation require additional study.

Keywords: AlScN; ferroelectric; high temperature; nonvolatile memory; retention; fatigue; wurtzite;
film; sputter deposition

1. Introduction

Nonvolatile memories, which do not require a permanent/frequent voltage supplied
to maintain the bit state, are important for storing information indefinitely and reliably.
The concept of high−operating−temperature nonvolatile memory (HOT−NVM) has been
an elusive capability. Current computational and data storage limitations in harsh environ-
ments either require on−board cooling or locating sensors/computations away from the
heat source. These harsh environments for electronics are a focus of the NASA HOTTech
project and can be found within jet turbines, within deep−well drilling, and on the surface
of Venus [1].

Nonvolatile random−access memory (RAM) based on FLASH, magnetic, phase−change,
and resistive mechanisms degrade quickly even at moderate temperatures (<200 ◦C) [2–5].
Microelectromechanical (MEM) and nanogap resistance switching (NGS) offer promise for
elevated temperatures NVM, but there are downsides with moving parts and operating in
various atmospheres [6,7]. Ferroelectric technology based on perovskite or fluorite struc-
tures (e.g., Pb(Zr,Ti)O3 or (Hf,Zr,Si)O2) is currently limited to temperatures < 200 ◦C [8,9].
This is a result of a destabilized polar structure, chemical instabilities, and increased do-
main wall mobility in Pb(Zr,Ti)O3 [10,11], whereas increased pyroelectric contributions and
depolarization fields plague (Hf,Zr)O2 compositions when increasing temperature [12,13].
Here, we demonstrate promising initial results when using ferroelectric Al0.7Sc0.3N to meet
the HOT−NVM demands.
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Since its discovery in 2019 as the first wurtzite nitride ferroelectric, Al1−xScxN (AlScN)
has received much attention from both the ferroelectric and piezoelectric communities [14].
The high remanent polarization (Pr) associated with the ideal wurtzite structure is an
attractive property for increasing either device density or extracted charge density. Previ-
ous studies on AlN−based ferroelectrics reported the high coercive field (Ec) necessary
to switch between the two polarization states. While this high Ec is problematic for in-
tegration with low−voltage devices, it can be valuable for retention characteristics as
temperatures increase [8]. The Ec of AlScN can be tuned through various modifications
such as composition [14–16], stress [17], epitaxial alignment [18], and temperature [19–22].
In addition to thickness scaling, these trends are important for integrating AlScN into a
high−temperature chip to reduce the operating voltages.

To assess polarization stability for a nonvolatile memory, Islam et al. poled the sample
at room temperature (RT), baked the package at 1100 ◦C, and remeasured the Pr once cooled
back to RT [23]. While promising for an NVM since the polarization state is maintained
after exposure to extreme temperatures, these ex situ results did not address the Pr or
switching behavior at elevated temperatures. Liu et al. focused on the retention state
at RT for an AlScN ferroelectric−gated field effect transistor (FET) device by monitoring
changes in the resistance state over time [24]. Furthermore, an NVM must endure switching
cycles without compromising the Pr or Ec values, which can impact deciphering between
either polarization state, and the device must avoid electrical shorts. Two recent reports
have noted that AlScN has low endurance, a measure of repeated bit flips, at <105 cycles
before dielectric failure, which may be limited by the slim margin between coercive and
breakdown fields (Ebd) for the samples, but a true mechanistic understanding of fatigue in
AlScN is still lacking [25,26]. Thus, these reports do not represent a fundamental limitation
of the ferroelectric switching endurance. In this article, we report device relevant behavior
(i.e., leakage, retention, and fatigue) between 23 and 400 ◦C to introduce AlScN as a
candidate material for HOT−NVM.

2. Materials and Methods

The 225 nm thick ferroelectric AlScN film was deposited by radiofrequency (rf) reactive
magnetron sputtering onto a highly textured Pt (111) bottom electrode. The base pressure
of the chamber reached 2 × 10−6 Torr prior to flowing the deposition gases. The pressure
was maintained at 2 mTorr while flowing 5 sccm N2 and 15 sccm Ar. Furthermore, 300 W of
rf power was supplied to the 5 cm diameter Al0.7Sc0.3 alloy target. The substrate was heated
to 400 ◦C and positioned 16.5 cm from the target. Details of sputter deposition processes
using in situ optical emission spectrometry were previously described [27]. The target was
conditioned with a 1 h pre−sputter to remove surface oxidation and stabilize the reactive
target mode. Following the nitride layer deposition, lithographically defined 50 µm diame-
ter platinum top electrodes were sputter−deposited to form a metal−ferroelectric−metal
(MFM) structure for electrical testing.

The resultant AlScN film was structurally characterized by X−ray diffraction (XRD)
using Cu Kα radiation. A Panalytical X’Pert MRD diffractometer was used to scan the
θ−2θ and ω space. The sample was tested in a high−temperature vacuum probe station to
mitigate possible oxidation of the nitride. Electrical properties of the MFM capacitors were
measured using a ferroelectric analyzer (Radiant Precision Premier II).

The MFM capacitors were evaluated with DC current−voltage (IV) sweeps to assess
the resistivity at various temperatures; this is important for evaluating polarization values
that may be inflated by charge leakage. Polarization−electric field (P–E) hysteresis loops
were collected between probe station temperatures of 23−400 ◦C using an excitation
frequency of 10 kHz. This frequency was chosen to reduce the leakage contribution to the
Pr values, and 10 kHz is a relatively high frequency when compared to previous reports on
ferroelectric AlScN, which range between 333 Hz and 100 kHz [19,21]. Retention testing
was used to measure the stability of a polarization state over time to inspect the volatility
of that state. The test involved a positive or negative pre−pulse to the bottom electrode
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to pole the sample in either a metal or a nitrogen polar orientation, respectively. This
was followed by a dwell for a length of time, and then the MFM capacitor was pulsed
twice with the same voltage profile (Figure 1). The measured 2Pr elucidates whether the
capacitor underwent ferroelectric polarization switching between pulse 1 and pulse 2 or
not. In this study, four different pulse sequences were necessary to characterize the same
state and opposite state retention characteristics for each polarization state—nitrogen (N)
and metal (M) polar. A ‘same state’ (SS) test indicates that the bias of the read and write
pulses is the same, while an ‘opposite state’ (OS) test switches pulse polarity. The difference
between a switched and unswitched polarization response is 2Pr. If the 2Pr shrinks over
time, then the bit state will eventually be indecipherable; therefore, a stable polarization
value is essential for NVM memory applications. Ten virgin capacitors with an active (top
electrode) diameter of 50 µm were assessed at each temperature. P–E loops (10 kHz) were
collected prior to each 1000 cycle (1 kHz triangular waveform applied for 1 s) fatigue to
inspect the ferroelectric properties throughout the process.
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Figure 1. Retention test protocols for OS and SS in either a nitrogen or metal polar surface state.
Green and orange traces represent switching and non−switching pulses, respectively.

3. Results and Discussion
3.1. Structural and Leakage Characteristics

In Figure 2a, the XRD scan reveals a wurtzite phase of AlScN with c−axis texture. The
(0002) reflection appeared at 36.056◦ in 2θ with a full width at half maximum (FWHM)
value of 0.158◦. Theω−rocking scan of the (0002) position resulted in an FWHM value of
2.694◦, which is comparable to prior reports (Figure 2b) [16,22]. Lack of additional wurtzite
peaks associated with other orientations indicates that the film had a purely c−axis texture.
Since the c−axis is the polar axis of the wurtzite structure, it is important to maximize the
degree of c−axis out of plane texture when investigating the ferroelectric properties of an
MFM capacitor (inset of Figure 2a).

The P–E loops measured at 10 kHz between 23 and 400 ◦C reveal a strong dependence
of the Ec on temperature (Figure 3a). The square−like hysteresis loops were a result of
a relatively low permittivity, defined energy barriers between polarization states, and
minimal loss mechanisms. Levels of polarization saturation similar to previous reports
were reached at each temperature [14,16]. At 400 ◦C, the derivative dP/dE became negative
after saturation, indicating decreased capacitor resistance. This observation is supported by
the current density–electric field (J–E) sweeps in Figure 3b. When subjected to a 1 MV·cm−1

DC field, the current density rose from 1 × 10−7 A·cm−2 at 23 ◦C to 3 × 10−4 A·cm−2 at
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400 ◦C. Furthermore, J increased exponentially with E and maintained this relationship at
all temperatures. The increasing leakage with temperature is important for compensation
when possibly measuring changes in polarization (e.g., during retention testing).
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Temperature−dependent leakage current density (J) over bias between 23 and 400 °C. Comparison 

Figure 3. (a) P−E loops between 23 and 400 ◦C collected with 10 kHz bipolar voltage waveform.
(b) Temperature−dependent leakage current density (J) over bias between 23 and 400 ◦C. Com-
parison of (c) ∆Ec/2 and (d) Pr results from this work with Mizutani et al. [21], Zhu et al. [20],
Gund et al. [22], and Wang et al. [20]. The results in (a,b) are from this work, while (c,d) are a
comparison of our results with previous reports.

The ∆Ec/2 decreased linearly as temperature increased, describing a reduced ac-
tivation barrier due to thermal energy contribution. An Ec temperature coefficient of
4.5 kV·cm−1·K−1 describes our results in Figure 3c, which showed a decrease from 4.3 to
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2.6 MV·cm−1 between 23 and 400 ◦C. In the limited number of reports that analyzed the
Ec and Pr dependence on temperature for Al1−xScxN, there were a range of compositions
studied with various frequencies. Our data (30% Sc, 10 kHz) showed a slightly lower Ec
temperature coefficient in comparison to the literature. The overall Ec results (apart from
the reduced Ec values reported by Wang et al.) are consistent with the literature in terms of
a lower Ec due to increasing Sc content or decreasing excitation frequency. This may explain
both the coincidental values between Gund et al. (30% Sc, 3 kHz) and Zhu et al. (16% Sc,
333 Hz) and the increased Ec for Mizutani et al. (20% Sc, 100 kHz) [19–22]. Our work shows
that the Pr values for Al0.7Sc0.3N remained relatively stable up to 400 ◦C (Figure 3d). The
temperature−independent Pr behavior of an Al1−xScxN composition was also noted by
the mentioned reports. In general, the Pr decrease with increasing x was seen in a majority
of the reports [16].

3.2. Polarization Retention at Elevated Temperatures

Retention studies were carried out relative to the surface polar state, nitrogen or
metal, termed SSN, SSM, OSN, and OSM. Polarization changes were investigated with
durations of pulses up to 1000 s to reveal if any changes occurred. A reduction in measured
polarization would indicate that an internal process occurred, reducing the net polarization
via mechanisms such as back−switching, domain pinning, or phase degradation. However,
our results revealed no Pr loss, indicating a kinetically stable polarization direction and
a negligible change in the polarization−pinning defect environment (Figure 4). This
contrasts perovskite and fluorite−based ferroelectric MFM capacitors, which showed
a clear reduction in Pr when subjected to a bake between the write and read voltage
pulses [9,12,28]. For both SS tests, there was a marginal level of polarization (<6 µC·cm−2),
which may have been the effect of changes in the leakage contribution between the first
and second read pulses. Since the OS and SS tests for the metal and nitrogen poled devices
showed a steady polarization retention between 1 and 1000 s, the estimated time until
the 2Pr was reduced enough for the bit state to become indecipherable requires further
retention testing before a reasonable estimate can be established. Our results are also in
agreement with the RT retention tests performed by Fichtner et al., who reported steady
retention up to 105 s [14]. Overall, the ferroelectric AlScN retained all the polarization that
was written into the MFM capacitor, even while operating at 400 ◦C. This characteristic is a
promising factor for enabling high−temperature nonvolatile memory.
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3.3. Device Fatigue at Elevated Temperatures

To ascertain the switching endurance of the sample, 10 MFM capacitors from the same
sample were tested at each temperature. The maximum field applied during the fatigue
cycles and P–E loop measurements was scaled to 105% of the Ec. Figure 5a provides a
summary of the fatigue results, which were also temperature−dependent. A P–E loop mea-
surement followed every 1000 cycles to track the changes in the polarization throughout the
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fatigue subjection. One standard deviation is denoted by the error bars in Figure 5a. Device
failure was defined at the point when the device shorted. The highest average endurance
occurred at 200 ◦C (2.7 × 105 ± 1.9 × 105 cycles) with a maximum of 6.0 × 105 cycles.
While this is an increased fatigue endurance relative to previous reports on AlScN, it still
indicates that effort is needed to increase the margin between Ec and Ebd and to investigate
and mitigate the underlying causes of fatigue in these materials. Because Ec decreased with
increased temperature faster than Ebd decreased, the increased margin between the two
was presumably an important contributor to the increase in fatigue life from RT to 200 ◦C.
The degraded performance at temperatures > 200 ◦C, however, was associated with larger
leakage currents in the MFM capacitor that occurred during each fatigue cycle.
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(a) Normalized Pr dependence on cycles for temperatures between 23 and 400 ◦C with error bars
of a standard deviation. Representative P–E loops throughout the fatigue cycling for (b) 23 ◦C,
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of comparison.
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The least change in polarization versus cycling happened at 100 ◦C. Figure 5b–f
are representative snapshots of the P–E loop measured after the given number of cycles.
Especially for the higher−temperature panels, the initially square−like hysteresis loops
deteriorated into a combination of lower Pr and inflated polarization values due to an
uncompensated leakage contribution. Additional study into the cycle−dependent leakage
characteristics may point toward a specific leakage mechanism that increases in effect
with cycling. Furthermore, a systematic investigation on the AlScN switching fatigue
behavior for various electrode types will be critical for applications that require more
resilient endurance.

4. Conclusions

In summary, a thin film, c−axis textured AlScN was electrically tested in a metal–
ferroelectric–metal capacitor for polarization hysteresis, retention, and fatigue up to 400 ◦C.
The leakage current density increased by four orders of magnitude between RT and 400 ◦C,
which revealed the importance of compensating for the leakage contribution to polariza-
tion, especially as temperature increased. While a strong Ec dependence on temperature
(4.5 kV·cm−1·K−1) led to a 60% reduction at 400 ◦C compared to RT, the Pr remained sta-
ble over all temperatures. As an important characteristic for NVM, in situ polarization
retention testing up to 1000 s revealed negligible (<2%) polarization loss for either the
metal or the nitrogen polar state at all temperatures tested up to 400 ◦C. On average, the
highest endurance before complete failure occurred at 200 ◦C with 2.7 × 105 switching
cycles; however, the reduction in Pr versus cycles was lowest at 100 ◦C. Our results show-
ing >105 switching cycles are encouraging for using ferroelectric AlScN in HOT−NVM
applications where <103 switching cycles would be required. Future work on the fatigue
mechanisms at different temperatures and expanding the retention duration time are vital
avenues for understanding the intrinsic limitations of AlScN.
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Abstract: The laser ultrasound (LU) technique has been used to determine dispersion curves for sur-
face acoustic waves (SAW) propagating in AlScN/Al2O3 systems. Polar and non-polar Al0.77Sc0.23N
thin films were prepared by magnetron sputter epitaxy on Al2O3 substrates and coated with a
metal layer. SAW dispersion curves have been measured for various propagation directions on the
surface. This is easily achieved in LU measurements since no additional surface structures need to
be fabricated, which would be required if elastic properties are determined with the help of SAW
resonators. Variation of the propagation direction allows for efficient use of the system’s anisotropy
when extracting information on elastic properties. This helps to overcome the complexity caused by a
large number of elastic constants in the film material. An analysis of the sensitivity of the SAW phase
velocities (with respect to the elastic moduli and their dependence on SAW propagation direction)
reveals that the non-polar AlScN films are particularly well suited for the extraction of elastic film
properties. Good agreement is found between experiment and theoretical predictions, validating
LU as a non-destructive and fast technique for the determination of elastic constants of piezoelectric
thin films.

Keywords: laser ultrasound; AlScN; surface acoustic waves; magnetron sputter epitaxy; elastic
properties; thin films

1. Introduction

Among the various fields of application of Al1-xScxN films, analog signal process-
ing devices for mobile communication play a preeminent role. The working principle
of such devices, such as frequency filters and delay lines, is based on bulk or surface
acoustic waves (BAW and SAW, respectively). The main reason for the growing interest
in AlScN films constitutes their favorable piezoelectric and mechanical properties [1–3].
Piezoelectric properties of this ternary nitride can be enhanced by increasing the scandium
concentration x, which has consequences for the electromechanical coupling and also for
the elastic properties and hence the velocities of acoustic waves [4–6]. For the design of
signal processing devices containing AlScN films, knowledge of the elastic constants is of
paramount importance.

For the determination of elastic constants of AlScN films, a fast, non-destructive, and
easy-to-handle method is called for. Optimally, such a method could also be employed for
quality control of AlScN films. A particular challenge in the case of epitaxial AlScN films
is the large number of material constants that have to be determined. The main goal of
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this study is to demonstrate that laser ultrasound (LU) is an attractive technique for this
purpose.

In the past, elastic constants of AlScN films have been determined with Brillouin
scattering [7–9] and via electrical excitation of acoustic vibrations, especially with the help
of SAW resonators (called resonator method in the following) [10,11] or delay lines [12]
(for a review see for example [10]). However, preparing SAW or other types of resonators
requires advanced fabrication capabilities to obtain the full dispersion curves from multiple
test structures (phase velocity as a function of frequency).

The piezoelectric constants are yet out of reach for our laser ultrasound set-up. This
problem is shared with Brillouin scattering, another non-destructive optical method, which
(as with LU) does not require any specific modifications of the sample, unlike the resonator
method. However, the LU approach needs much shorter measurement times, especially
when being partially automated. A full SAW dispersion curve is obtained in one measure-
ment cycle, taking about 30 min. The propagation direction on the surface can be varied
without extra effort. This allows to efficiently exploit the anisotropy of the substrate to
determine film properties from SAW dispersion curves, as was done here to investigate the
highly anisotropic AlScN-on-sapphire systems. We show here that valuable information
can be gained with comparatively robust and inexpensive instrumentation. For additional
benchmarking of our experimental approach, a comparison to the results of ab initio calcu-
lations, using the density functional theory can be performed [5,13–15]. Here, we compare
SAW dispersion curves obtained by LU to those calculated with the most recently published
theoretical data on material constants of AlScN [5].

In the past, the determinations of elastic properties of thin films by laser ultrasound
were mostly confined to isotropic films. (The only exception known to us are diamond
films [16] and a pre-study of AlScN films [17]).

In our previous study, we showed that LU can be used to characterize textured
AlScN(0001) films on silicon Si(001) substrates [17]. In these samples, the acoustic pulses
were generated by laser pulses at the interface between the transparent AlScN film and
the opaque silicon substrate. The fact that sapphire substrates are also transparent to the
laser light constitutes an additional challenge and requires a metal layer to absorb the
laser pulse. More recently, in-plane oriented AlScN(0001) films were grown on sapphire
Al2O3(0001) substrates by magnetron sputter epitaxy [18] and then used for SAW resonator
fabrication. The motivation was two-fold: sapphire substrate enables higher phase velocity
and higher frequency of SAW and at the same time the higher material quality leads
to improved electromechanical coupling and quality factor Q [19]. In order to further
increase electromechanical coupling keff

2, epitaxial a-plane (non-polar) AlScN(11-20) SAW
structures were successfully achieved on r-plane Al2O3(1-102) [20,21]. By aligning the SAW
propagation direction with the piezoelectric constant d33, an additional 85% improvement
in keff

2 was demonstrated. In these earlier studies, a substrate off-cut angle was shown to
strongly influence the crystalline quality of AlScN. As the ability to deposit high-quality
non-polar AlScN is a rather recent discovery [22], no measurements of elastic constants have
been reported so far. In this work we propose using LU to estimate the elastic properties of
Al0.77Sc0.23N(11-20)/Al2O3(1-102), especially focusing on high anisotropy in this material
system.

The paper is organized in the following way. In Section 2, the geometries of the systems
investigated in this work are defined and their fabrication process and characterization are
described. Moreover, details of the LU technique, as applied to the investigation of AlScN
films, are given.

In the first part of Section 3, the results of our investigations of the elastic properties
of the sapphire substrates are presented. This knowledge is a prerequisite for the deter-
mination of film properties by SAW-based LU. Values for the elastic moduli of sapphire
were compiled from the literature. They were used as input for simulations of the SAW
slowness curves of c-plane and r-plane sapphire. Simulated SAW velocities are compared
with corresponding LU measurement results.
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Next, experimental data are presented for dispersion curves of SAW propagating in
Al0.77Sc0.23N films. Both AlScN(0001)/Al2O3(0001) and AlScN(11-20)/Al2O3(1-102) were
investigated. These first LU measurement results for AlScN films on sapphire are compared
with simulated dispersion curves using the ab initio elastic and piezoelectric constants
of [5]. Very good agreement is found between theory and experiment.

In order to assess the significance of this agreement for the individual material con-
stants of Al0.77Sc0.23N, a sensitivity analysis is presented for the SAW dispersion curves in
the frequency range accessible for our LU setup for both geometries studied.

2. Materials and Methods
2.1. Substrate and Film Geometries

As already mentioned, for the LU investigations of elastic properties of AlScN films re-
ported here, two different layered structures were considered, i.e., AlScN(0001)/Al2O3(0001)
and AlScN(11-20)/Al2O3(1-102). In Figure 1, the epitaxial relationship between the film and
substrate material is shown schematically for the two systems. The Cartesian coordinate
systems introduced after rotation with the x3-axis normal to the surface correspond to the
Euler angles (λ, µ, θ) = (0◦, 0◦, θ) for c-plane sapphire and (λ, µ, θ) = (60◦, 57.6◦, θ) for r-plane
sapphire, respectively. The Euler angle µ = 57.6◦ for perfect r-plane orientation results from
a ratio of lattice constants c/a = 2.73 for sapphire. For optimal growth conditions of the
non-polar AlScN film, substrate off-cut angle χ is needed, which is related to the second
Euler angle via χ = µ − 57.6◦.
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the magnetron sputter epitaxy method [18,20,22]. In the case of non-polar AlScN, 3° sub-
strate off-cut was found to be the best for high crystalline quality [20], a detailed growth 
optimization study including a proposed growth model for non-polar III-nitrides and dif-
ferent off-cut angles is published elsewhere [22]. All films were grown on ⌀ = 100 mm 
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Figure 1. Crystal cuts of Al2O3 substrate and AlScN film, defined in the hexagonal crystal system
(a1,a2,a3,c) and with the help of the two first Euler angles λ and µ (rotation with respect to Cartesian
coordinate system XYZ). The third Euler angle θ defines the direction of SAW propagation (red
arrows) on the surface planes (x1x2). (a) The c-plane (0001) cuts of both film and substrate; (b) a-plane
AlScN(11-20) film on the r-plane Al2O3(1-102) substrate.

We note that the angle θ defines the wavevector direction of SAW propagating on the
corresponding surface.

2.2. Fabrication of AlScN Films

AlScN(0001)/Al2O3(0001) and AlScN(11-20)/Al2O3(1-102) thin films were grown
by the magnetron sputter epitaxy method [18,20,22]. In the case of non-polar AlScN, 3◦

substrate off-cut was found to be the best for high crystalline quality [20], a detailed growth
optimization study including a proposed growth model for non-polar III-nitrides and
different off-cut angles is published elsewhere [22]. All films were grown on ∅ = 100 mm
substrates in an Evatec sputter cluster tool (base pressure ~5 × 10−6 Pa), using reactive
pulsed-DC magnetron co-sputtering. Substrate rotation ensured the composition and
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thickness uniformity of the films. The scandium concentration x = 0.23 was achieved by
setting the P(Al, 99.9995% pure) = 684 W and P(Sc, 99.99% pure) = 316 W. This specific
Sc concentration was chosen as it allowed us to deposit AlScN thin films with very high
crystalline quality and low density of abnormally oriented grains, leading to reliable
evaluation of material properties by LU. Prior to deposition, the sapphire substrates were
cleaned in-situ using Ar inductively coupled plasma (ICP) etching and the targets were
pre-sputtered in Ar behind a closed shutter. More details about the growth conditions can
be found in [18,20,22], all parameters except for the N2 gas flow were kept the same, as
summarized in Table 1.

Table 1. Growth parameters of Al0.77Sc0.23N.

Parameter Value

N2 gas flow (sccm) 20 1, 30 2

Target-to-substrate distance (mm) 65

Chuck temperature (◦C) 450

Base pressure (Pa) <9 × 10−6

PAl + PSc (W) 1000
1 for AlScN(0001)/Al2O3(0001). 2 for AlScN(11-20)/Al2O3(1-102)

The scandium concentration (+/−2% error) was estimated using energy dispersive
x-ray (scanning electron microscope Zeiss Auriga Crossbeam FIB-SEM with EDX spec-
troscopy from Bruker Quantax) on AlScN(0001)/Si(001) films deposited under the same
conditions. This was done in order to avoid the overlap of Al emission peaks from the
sapphire substrate and AlScN film [18]. No variation of composition was observed between
the edge and the center of the wafers. The average film thickness (+/−3% error) was deter-
mined by spectroscopic ellipsometry (J.A. Woollam M-2000X), using a model optimized for
AlScN from [23]. Thickness uniformity analysis indicated <3% variation in thickness across
the wafer. The surface roughness of the films and the thickness of the metal layers were
evaluated by atomic force microscopy (AFM, Bruker Dimension Icon) in tapping mode (not
shown). The crystalline quality and in-plane orientation of AlScN films were confirmed
by X-ray diffraction (XRD) [18,20] (not shown). Based on XRD pole figures analysis, the
epitaxial relationship for c-plane AlScN could be defined as [10-10]AlScN//[11-20]sapphire
and (0001)AlScN//(0001)sapphire and for a-plane AlScN [0001]AlScN//[1-101]sapphire and
[1-100]AlScN//[11-20]sapphire, respectively.

Details on the samples investigated by LU in this work are given in Table 2.

Table 2. Samples investigated in this work.

Material Sample 1 Sample 2 Sample 3

Substrate Al2O3(0001) Al2O3(1-102) Al2O3(1-102)

Piezoelectric film,
thickness (nm)

Al0.77Sc0.23N(0001) - Al0.77Sc0.23N(11-20)
1035 - 860

Metal film,
thickness (nm)

Mo Mo Mo
50 50 50

2.3. Application of the Laser Ultrasound Approach

A schematic drawing of the LU set-up is shown in Figure 2. Acoustic pulses, traveling
along the sample surface, are excited by laser pulses via the thermoelastic effect. This
excitation mechanism is explained in detail in [24,25]. The optical pulses are generated
by a passively Q-switched Nd:YAG laser (pulse duration: 1 ns; wavelength: 1064 nm,
frequency-doubled to 532 nm). They are focused on a straight line on the surface with a
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cylindrical lens to minimize diffraction of the excited SAW and to achieve a well-defined
wavevector direction.
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Figure 2. Experimental setup.

With the help of a continuous-wave laser, the acoustic surface pulses are detected with
the probe-beam deflection method at a fixed observation point at the surface for various
positions of the movable line source. Their shapes are recorded along with the distances
of the observation points from the source. The presence of a film on the substrate surface
causes the pulse shape to change with distance from the source. The quantity measured
by probe-beam deflection at each observation point is the local surface slope as a function
of time [25]. If the film and substrate are both transparent at the frequency of laser light
used for the excitation of ultrasound pulses, the surface has to be coated with a thin metal
film to ensure absorption of the laser pulses and enable thermoelastic excitation of SAW
pulses. The effect of this additional layer has to be accounted for in the data interpretation
and analysis.

By Fourier decomposition of the pulse shapes at the different distances between
the line source and observation point, the phase velocities of each individual Fourier
component are determined. In this way, a full dispersion curve of SAW with wavevectors
vertical to the line source is obtained in one measurement cycle. Using a translation stage
with a controlled stepper motor, the measurements are partly automated. The broad-band
character of the LU method and its semi-automated operation renders it a fast tool for the
characterization of near-surface elastic properties of materials. The achievable frequency
range is partly material-dependent with an upper limit of 400 to 600 MHz for the materials
investigated here with our set-up. With the help of a rotary positioning table for the sample,
SAW dispersion curves can be measured for any wavevector direction on the surface.

Since even the third harmonic of the carrier frequency of the Nd:YAG pulse laser is
below the absorption edges of sapphire and AlN, a thin absorbing layer is needed to enable
thermoelastic excitation of acoustic waves. Test measurements have been carried out to find
a suitable surface metallization Main criteria were signal quality, availability, and especially
the influence of the metal coating on the SAW dispersion, which should be kept as small as
possible. After careful consideration, molybdenum and titanium were identified as suitable
metal coatings, but only data with Mo are shown here (Table 2).

The thickness of the AlScN film, together with the frequency range of the average SAW
phase velocity, and to some extent, the mode character, determine the minimal penetration
depth of the SAW in the substrate. For a rough estimate, we assume that the displacement
field associated with a SAW has an appreciable magnitude up to distances of a wavelength
from the surface. Our investigations refer to samples with AlScN films with a thickness of
≤1000 nm and reached frequencies up to 600 MHz. This suggests that even at the upper
edge of the frequency range accessible for our LU experiments, the SAWs penetrate deeply
into the substrate and consequently, their dispersion is strongly influenced by the density
and elastic constants of the substrate. Therefore, these quantities have to be known to
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a high precision in order to be able to extract the elastic properties of the film from the
SAW dispersion curves. The determination of elastic constants of the sapphire using LU is
described in Section 3.1.1 and the off-cut angle assessment in Section 3.1.2, respectively.

For data processing and evaluation and the interpretation of the measurement results,
simulations of dispersion curves and displacement fields have been carried out with a
computer program based on a semi-analytic Greens function approach (see e.g., [26]). In
these simulations, a time (t) and position (x) dependent traction vector

T = k̂ T0 exp[i(ωt− k·x)] (1)

is applied to the surface, where k is a wavevector in the surface plane, k̂ the unit vector
pointing into the wavevector direction, ω/(2π) a frequency, and T0 an arbitrary traction
amplitude, respectively.

3. Results
3.1. Substrates
3.1.1. Elastic Constants of Sapphire Substrates

As mentioned in Section 2, for extraction of the elastic properties of AlScN films with
thicknesses smaller than 1 µm from SAW dispersion curves in a frequency range below
600 MHz, the elastic moduli and the density of the substrate have to be known with high
precision. In Table 3, data from the literature are compiled for Al2O3. In the case of c12,
the values of the different sources are at variance by more than 3%, and the value of c14
by more than 7%, in addition to the problem of finding the correct sign for this constant,
which was resolved in [27,28].

Table 3. Elastic constants cµν for sapphire, GPa.

Tefft et al.
1966
[29] *

Gieske et al.
1968
[30]

Goto et al.
1989
[31]

Landolt-
Börnstein

[32]

Auld
1990
[33]

Gladden
2004
[27]

c11 497.4 497.6 497.3 496 494 497.5

c12 164.0 162.6 162.8 159 158 162.7

c13 112.3 117.2 116 114 114 115.5

c14 −23.6 −22.9 −21.9 −23 −23 22.5

c33 499.4 501.9 500.9 499 496 503.3

c44 147.4 147.2 146.8 146 145 147.4

* Calculated from compliances. In all calculations we took the same density ρ = 3982 kg/m3 and dielectric
permittivities ε11 = 9.34 and ε33 = 11.54 from [33].

LU measurements were carried out on two samples with sapphire substrates in two
different orientations, Al2O3(0001) (Sample 1 in Table 2) and Al2O3(1-102) (Sample 2 in
Table 2). The surfaces of both samples were coated with a Mo layer of ~50 nm thickness.
Sample 1 had an additional AlScN film of 1 µm thickness between the substrate and the
Mo layer. Figure 3b shows the dependence of surface acoustic pulses in the Al2O3(1-102)
sample, coated with a Mo layer only (Sample 2 in Table 2), detected at a fixed distance
from the line source, on the wavevector direction (surface slope at observation point as
a function of the arrival time and angle θ). In Figure 4, SAW dispersion curves obtained
from the LU measurements on Sample 2 in Table 2 are shown for five different wavevector
directions on the surface. Because of the small thickness of the metal layer in comparison
to the SAW wavelength, the dispersion curves are essentially straight lines. The SAW
phase velocity for the uncoated sapphire surface is obtained by extrapolating these straight
lines to zero frequency. In this way, the dependence of the SAW phase velocity on the
wavevector direction and hence the slowness curve of SAWs on this surface of sapphire
can be determined experimentally.
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Figure 3d shows the results of simulations of the local surface displacement u3 for
Al2O3(1-102) as a response to a surface traction (1). Note that the quantity measured
by probe-beam deflection in our LU setup is the local surface slope, i.e., the directional
derivative of u3 along the SAW wavevector. In a homogeneous medium with planar surface,
this response depends on the frequency ω/(2π) and wavelength 2π/|k| of the excitation
(surface traction in (1)) via the ratio ω/|k| only (phase velocity in Figure 3c,d). The SAW
phase velocities correspond to the maxima of |u3| (bright curves emerging in Figure 3c,d).
Comparison with Figure 3b confirms the expected inverse behavior of the SAW phase
velocity and the delay time of the SAW pulses.
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Figure 3. Dependencies on SAW wavevector direction for the sapphire cuts: c-plane Al2O3(0001)
(a,c,e) with Euler angles (0◦, 0◦, θ) and r-plane Al2O3(1-102) (b,d,f) with Euler angles (60◦, 57.6◦, θ).
Measured signal on the surface of sample 1 in Table 2 (a) and of sample 2 in Table 2 (b). Measurements
taken at various angles using a rotary positioning table; (c,d) show the calculated SAW phase velocities
on the surface of pure sapphire crystal as functions of Euler angle θ; (e,f) present the intersections of
the slowness surface of bulk acoustic waves with the surface plane (quasi-longitudinal sheet (BAW
L), two quasi-shear sheets (BAW S1 and BAW S2)) and the slowness curve for Rayleigh waves (SAW)
on pure sapphire as functions of the Euler angle θ.
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Figure 4. Experimental dispersion curves for the directions θ = 15◦, 18◦, 21◦, 24◦, 27◦ on r-plane
sapphire with a 50 nm molybdenum film on top (Sample 2 in Table 2). Extrapolation of fitted straight
lines to zero frequency gives the values of phase velocity (black crosses) on pure sapphire.

The weakness of the detected signal in certain intervals of angle θ, for example in
the neighborhood of θ = 12◦ and θ = 78◦ in Figure 3d, can be explained by the smallness
of the out-of-plane displacement amplitude |u3| in these angular intervals. The unusual
features in the dependence of the SAW phase velocity on the wavevector direction in the
case of the r-plane surface are related to a phenomenon visible in Figure 3f. Here, the
slowness curve of SAW propagating on the r-plane surface of sapphire is shown together
with the intersection curves of the surface and the three sheets of the slowness surface
of bulk acoustic waves (quasi-longitudinal, fast quasi-shear, and slow quasi-shear). In
the angular regions corresponding to wavevector directions with faint signals (two at the
same wavevector direction) and comparatively strong variation of the SAW phase velocity,
the SAW slowness curve and the intersection curve of the sheet of slow quasi-shear bulk
waves approach, and a repulsion of these two modes can be seen. Here, a transition occurs
from the usual situation of the SAW velocity being the lowest phase velocity of acoustic
modes for a given wavevector direction parallel to the surface, to an interval of wavevector
directions where the phase velocity of SAW is larger than that of the slow quasi-shear bulk
waves. This effect does not occur in the case of Al2O3(0001) (Figure 3c,e).

The experimental results for the SAW phase velocities in Al2O3(1-102) were then
compared with the results of calculations performed with the semi-analytic Greens function
method. Input data for these calculations are the sets of elastic moduli listed in Table 3.
For the density of sapphire, the value ρ = 3982 kg/m3 [31] was used, and for the dielectric
constants we used the values ε11 = 9.34 and ε33 = 11.54 [33] in all our calculations. The
off-cut angle of 3◦ was accounted for. It was found that the set of elastic constants reported
by Gladden et al. [27] and also the constants provided by Gieske and Barsch [30], the latter
after correction of the sign of c14, fit best to the LU data and lead to very good agreement
between calculated and measured phase velocities. A comparison of calculated phase
velocities with three different input sets and measured values as functions of wavevector
direction is provided in Figure 5.

This finding is confirmed by measurements and calculations of SAW dispersion curves
for 1000 nm thick Al0.77Sc0.23N(0001)/Al2O3(0001) coated with ~50 nm Mo (Sample 1 in
Table 2). Two different wavevector directions were considered. The dispersion due to
the presence of the AlScN film leads to a broadening of the detected SAW pulse shapes
(Figure 3a), and the dispersion curves in Figure 6 are no longer straight lines. In the calcu-
lations, the elastic, piezoelectric, and dielectric constants of [5] were used. The material con-
stants of the molybdenum layer, c11 = 440 GPa, c44 = 126 GPa, and density ρ = 10,280 kg/m3,
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were taken from [34]. A comparison in Figure 6 shows very good agreement between
experimental dispersion curves and those calculated with the elastic constants of sapphire
taken from [30] with the corrected sign of c14.
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Figure 6. Experimentally obtained dispersion curves for the directions θ = 0◦ (red circles) and 30◦

(black circles) on the structure consisting of c-plane sapphire with a 1 µm thick Al0.77Sc0.23N film and
a 50 nm molybdenum film on top, compared with corresponding simulated dispersion curves (solid
and dashed lines for θ = 30◦ and for θ = 0◦, respectively). The latter were obtained with material
constants of sapphire from different authors (see Table 3).

3.1.2. Off-Cut Angle in Al2O3(1-102) Substrates

In order to find out to what accuracy the LU method is able to determine the off-cut
angle χ of the r-plane sapphire substrate, the SAW phase velocity was calculated as a
function of wavevector direction for the values χ = −3◦, 0◦, +3◦. A comparison of the
calculated data with the measured SAW phase velocities in Figure 7 proves that an offset
angle of ±3◦ is clearly detectable. It also reveals in which regions of wavevector directions
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the phase velocity is particularly sensitive to the off-cut. The wavevector directions around
θ = 90◦ are particularly suitable for the detection of off-cut angles larger or equal to 3◦,
whereas directions with θ near 0◦ seem to be more suitable for values of the off-cut angle
smaller than −3◦. However, the detected signals of the SAW pulses were comparatively
weak for θ near 0◦.
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Figure 7. Experimental values of the SAW phase velocities for various propagation directions on
r-plane sapphire (black crosses) and corresponding calculated curves, taking into account off-cut
angles χ = ±3◦. Here the elastic constants from [30] were used for calculations.

Figure 8 shows calculated SAW phase velocities for the correct off-cut angle χ = −3◦

and four additional values of χ. The experimental data for the phase velocities shown in
this figure are downshifted by 3 m/s as an attempt to correct a systematic error in our
measurements due to a misalignment between the pump beam and the moving direction
of the translation stage mentioned in Section 2.3.
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Figure 8. Influence of the off-cut angle χ on the angular dependence of the SAW phase velocity on
Al2O3(1-102). Here, the experimental results are downshifted by 3 m/s.

The comparison of the data in Figure 8 suggests that the off-cut angle of the r-plane
geometry can be determined by LU with an accuracy of almost 1◦ with an optimized
alignment of the optical and mechanical components. Obviously the accuracy reachable in
the determination of the off-cut angle by LU strongly depends on the precision to which
the elastic constants and the density of sapphire are known. A 0.1 % change of the mass
density translates into a phase velocity shift of approximately 3 m/s.

We note here that the SAW slowness curve on the r’-plane in Al2O3 (Euler angles
(0◦, 57.6◦, θ)) differs substantially from that on the r-plane (Euler angles (60◦, 57.6◦, θ)),
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because the elastic constant c14 has a non-negligible magnitude in comparison to the other
elastic constants (Table 3). In the case of hexagonal symmetry, the two planes would be
equivalent [35]. On the r’-plane, the SAW slowness curve does not cross an intersection
curve of the bulk wave slowness surface with the crystal surface. Therefore, r-plane and
r’-plane samples can easily and quickly be distinguished by an LU measurement.

The correct sign of c14 has been clarified by ab initio calculations and new experiments
([27,28] and references therein). A change of sign of c14 causes an interchange of the elastic
properties of r-plane and r’-plane.

3.2. Film on Substrate: Al0.77Sc0.23N/Al2O3

In order to acquire information about the elastic constants of AlScN films on sapphire
substrates, LU measurements have been carried out for the two systems Al0.77Sc0.23N(0001)/
Al2O3(0001) and Al0.77Sc0.23N(11-20)/Al2O3(1-102) (in the following called “c-plane sam-
ples” and “a-plane samples” for short, respectively, Samples 1 and 3 in Table 2).

SAW dispersion curves were simulated with the semi-analytic Greens function method.
Input data for the substrate material in these calculations were the set of elastic constants
from [30] with the corrected sign of c14 along with the mass density of sapphire from [31]
and dielectric constants from [33] (see Section 3.1.1).

The material constants chosen for the isotropic metal layer molybdenum are given in
Section 3.1.1.

For the elastic and piezoelectric constants of the Al0.77Sc0.23N films, we used the data
obtained in ab initio calculations, based on the density functional theory, by Urban et al. [5].
In [5], an interpolation formula is given for the mass density and for each individual elastic
constant cµν(x) and piezoelectric constant eiµ(x) of Al1-xScxN containing terms of up to
second order in the scandium concentration x. The coefficients in these formulas were
obtained by a fit to the corresponding material constants from ab initio calculations for a
set of scandium concentrations x. As a second variant, Urban et al. suggest a rescaling
of their interpolation formulas such that in the limit x to zero, the material constants take
the values calculated for pure AlN. The SAW dispersion curves simulated with these two
variants of material constants for the Al0.77Sc0.23N films are indistinguishable on the scales
of the graphs in Figures 6, 9 and 10.

For both independent dielectric constants ε11, ε33 the value 17.56 was used in the
calculations. It follows from an interpolation formula of experimental data for ε33, provided
in [36] (see also [10]), applied to the scandium concentration x = 0.23.

3.2.1. C-Plane Samples

The symmetry of the c-plane geometry implies that [0◦, 30◦] is an irreducible interval
of angles θ for the SAW wavevector directions. LU measurements were taken for nine
different wavevector directions corresponding to angles θ in this interval. For each direction,
the SAW pulse shapes were recorded at 32 different distances from the source. From these
data, the SAW dispersion curves were determined in a frequency range from 50 up to
400 MHz, shown in Figure 9. They exhibit a small, but non-negligible curvature.

Simulated dispersion curves for the nine wavevector directions are also presented in
Figure 9 for comparison.
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Figure 9. Experimental and theoretical dispersion curves for the different directions θ for
Ti/Al0.77Sc0.23N(0001)/Al2O3(0001). In the calculations, the elastic constants from [30] for sapphire
and material constants from [5] for AlScN were used.

3.2.2. A-Plane Samples

Because of the lower symmetry of this configuration, an irreducible interval of SAW
wavevector directions on this surface is the range of angles θ between 0◦ and 90◦. In
Figure 10, experimental dispersion curves are shown for wavevector directions with angles
θ from 15◦ to 70◦ in steps of 5◦ and, in addition, for θ = 90◦. For angles in the vicinity of
10◦ or 80◦, the detected signals are very weak. The reason is presumably that here the
surface displacements in the direction normal to the surface are much smaller than for
other wavevector directions and the same frequency, since the SAW penetrates deeply
into the substrate. Here, two very weak signals emerge because of mode repulsion (see
Section 3.1.1) instead of one strong signal, leading to inaccuracies in the data processing.

The dispersion curves show a modest amount of curvature which is favorable for the
extraction of elastic constants of the AlScN film. The experimental dispersion curves are in
good agreement with the results of calculations, carried out with input data from [5].

Micromachines 2022, 13, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 9. Experimental and theoretical dispersion curves for the different directions θ  for 
Ti/Al0.77Sc0.23N(0001)/Al2O3(0001). In the calculations, the elastic constants from [30] for sapphire and 
material constants from [5] for AlScN were used. 

3.2.2. a-plane samples 
Because of the lower symmetry of this configuration, an irreducible interval of SAW 

wavevector directions on this surface is the range of angles θ  between 0° and 90°. In Fig-
ure 10, experimental dispersion curves are shown for wavevector directions with angles 
θ from 15° to 70° in steps of 5° and, in addition, for θ = 90°. For angles in the vicinity of 10° 
or 80°, the detected signals are very weak. The reason is presumably that here the surface 
displacements in the direction normal to the surface are much smaller than for other 
wavevector directions and the same frequency, since the SAW penetrates deeply into the 
substrate. Here, two very weak signals emerge because of mode repulsion (see Section 
3.1.1) instead of one strong signal, leading to inaccuracies in the data processing. 

The dispersion curves show a modest amount of curvature which is favorable for the 
extraction of elastic constants of the AlScN film. The experimental dispersion curves are 
in good agreement with the results of calculations, carried out with input data from [5].  

  

Figure 10. Experimental (dots) and theoretical (lines) dispersion curves for various SAW propaga-
tion directions for Mo/Al0.77Sc0.23N(11-20)/Al2O3(1-102). For the calculations the constants from [30] 
and [5] were used.  

Figure 10. Experimental (dots) and theoretical (lines) dispersion curves for various SAW propagation
directions for Mo/Al0.77Sc0.23N(11-20)/Al2O3(1-102). For the calculations the constants from [5,30]
and were used.
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3.3. Sensitivity Analysis

In order to assess to what extent the agreement between the dispersion curves mea-
sured with the LU method and those simulated with the calculated material constants
of [5] can be taken as a confirmation of the latter, the sensitivity of the dispersion curves
with respect to changes of each single elastic constant of the AlScN film has been analyzed
(Figure 11). With the same material data used for the simulation of the dispersion curves
in Figures 9 and 10, we calculated the relative change ∆v/v of phase velocity v with a 1%
increase for each of the five independent elastic constants cµν (see Table 3), while leaving
the remaining material constants unchanged. Figure 11a,b show results of this calcula-
tion for the c-plane geometry and the a-plane geometry, respectively. ∆v/v is plotted as a
function of wavevector direction at the fixed frequency 400 MHz. This frequency value
has been chosen since it corresponds to the upper edge of the frequency interval of the
measured dispersion curves for the c-plane samples and is located in the upper third of
the frequency band for the a-plane geometry. With increasing frequency, the fraction of
the SAW displacement field localized in the AlScN film is expected to rise as well. When
comparing the relative velocity changes in Figure 11a,b, one has to account for the slightly
different thicknesses of AlScN layer in the two types of samples (1 µm for the c-plane,
860 nm for a-plane samples).
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wavevector direction (Figure 11a), with the exception of the sensitivity to changes of c12, 
which vanishes at the wavevector direction with Euler angle θ = 30°. 

In the case of the a-plane geometry, the sensitivities exhibit a remarkable dependence 
on the wavevector direction. This is due to the strong anisotropy of the film in the surface 
plane, and it is also associated with the strong variation of the SAW mode pattern in the 
neighborhood of the Euler angles θ, where the SAW slowness curve of r-plane sapphire 
crosses the intersection curve of the slowness surface of acoustic bulk waves. Moreover, 
the sensitivities are on average clearly larger than those on the c-plane samples.  

Figure 11. Calculated relative change of phase velocity with 1% increase of elastic constants for
Mo/Al0.77Sc0.23/Al2O3 structures with 1 µm thick Al0.77Sc0.23N film and additional Mo coating
with 50 nm thickness, as a function of SAW propagation direction on the surface. (a) case of
AlScN(0001)/Al2O3(0001) and (b) AlScN(11-20)/Al2O3(1-102).

In the case of the c-plane samples, the sensitivities of the SAW phase velocity with
respect to changes in the elastic constants of the AlScN film are comparatively small,
except for the constant c11. The isotropy of the hexagonal film in the surface plane and
the moderate deviations of the SAW slowness curve from a circle on c-plane sapphire
(Figure 3e) are reflected in a very weak dependence of the sensitivities with respect to the
wavevector direction (Figure 11a), with the exception of the sensitivity to changes of c12,
which vanishes at the wavevector direction with Euler angle θ = 30◦.

In the case of the a-plane geometry, the sensitivities exhibit a remarkable dependence
on the wavevector direction. This is due to the strong anisotropy of the film in the surface
plane, and it is also associated with the strong variation of the SAW mode pattern in the
neighborhood of the Euler angles θ, where the SAW slowness curve of r-plane sapphire
crosses the intersection curve of the slowness surface of acoustic bulk waves. Moreover,
the sensitivities are on average clearly larger than those on the c-plane samples.

A feature of particular interest is the relative size of the sensitivities for the directions
with Euler angles θ in the vicinity of 0◦ on the one hand and in the neighborhood of 90◦ on
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the other. In the first range of wavevector directions, the sensitivities with respect to c11
and c12 dominate, while the sensitivities with respect to the other elastic moduli are largely
negligible. In the second range, the dispersion curve is mainly sensitive to c33 and c13 and
the other elastic constants play a largely negligible role. Knowledge of this behavior should
be very helpful for fitting strategies to extract the elastic constants from measured dispersion
curves. At wavevector directions with Euler angles θ around 45◦, the relative velocity
variations with relative changes of c11, c33, and c44 are of comparable size. In general, one
may notice that for each elastic constant there are ranges of wavevector directions where
this constant has a non-negligible influence on the SAW dispersion curves. Figure 12 shows
how the sensitivities vary as functions of frequency for the fixed wavevector directions
with Euler angles θ = 0◦, 45◦ and 90◦. The sensitivities with respect to almost all elastic
constants increase at higher frequencies because of the increasing localization of the SAW
displacement field in the AlScN film. In the case of θ = 0◦, the sensitivities with respect to
c11 and c12 dominate over the whole frequency range from zero to 600 MHz, and likewise
the sensitivities with respect to c33 and c13 in the case of θ = 90◦.

The sensitivities of the dispersion curves for SAW in AlScN films on sapphire, dis-
cussed above, may be compared with those for a c-plane Al0.68Sc0.32N film on a Si(001)
substrate, presented in [17] for two different wavevector directions. (Note that the data in
Figure 3 of [17] refer to a relative change of 10% of the elastic and piezoelectric constants.
The thickness of the AlScN(0001)/Si(001) was ~1 µm.) Remarkably, the sensitivities for the
c-plane film on silicon are of comparable size to those of the a-plane sample. However, in
both wavevector directions in the c-plane film on the silicon substrate, the influence of the
elastic constant c11 of AlScN dominates.

Figure 3b in [17] clearly shows that the sensitivities of the SAW phase velocities with
respect to the piezoelectric constants (from D. Urban et al. in Reference [5]) are by more
than one order of magnitude smaller than the ones with respect to the elastic constants.
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Figure 12. Relative change of phase velocity with 1% increase of elastic constants in the structure
AlScN(11-20)/Al2O3(1-102) with 1000 nm thick Al0.77Sc0.23N film and 50 nm molybdenum film as
function of frequency for the cases (a) θ = 0◦; (b) θ = 45◦; (c) θ = 90◦.

4. Discussion and Conclusions

The main results of the investigations reported in this contribution may be summarized
as follows:

• SAW dispersion curves were measured by laser ultrasound for various wavevector
directions in c-plane and a-plane Al0.77Sc0.23N films on sapphire substrates. They
are in very good agreement with the corresponding theoretical dispersion curves
computed with the elastic moduli and piezo-electric constants obtained in ab initio
calculations by Urban et al. [5]. The theoretical elastic constants for Al1-xScxN in [5]
are given in the form of interpolation formulas quadratic in the parameter x. For the
Sc concentrations, x = 0.14 and x = 0.32, the authors of [5] compare their calculated
elastic constants with corresponding data determined by Kurz et al. [10] with the help
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of SAW resonators. For both concentrations, the agreement is very good (2% deviation
on average, less than 5% in the worst case). This confirms the high-quality of the
theoretical data in [5] and may also be regarded as an additional, indirect confirmation
of the measured SAW dispersion curves presented here.

• The off-cut angle of 3◦ in the r-plane sapphire substrate, needed to provide optimal
growth conditions for a-plane AlScN, can easily be detected with the laser ultrasound
setup described above.

• Sensitivities of the SAW dispersion curves with respect to variations of each of the
independent elastic constants of the AlScN film have been calculated as functions of
the SAW wavevector direction and frequency. Due to the strong anisotropy of the
a-plane geometry in the surface plane, the sensitivities show strong variations with
wavevector direction. In certain intervals of wavevector directions, only a few elastic
constants predominantly influence the dispersion curve, while the sensitivity with
respect to the others is much smaller. In other wavevector directions, certain elastic
constants change their role with respect to their influence on the SAW dispersion
curves. This finding can be made use of in the development of fit strategies for an
accurate determination of all elastic constants of AlScN films.

The size of the sensitivities at around 400 MHz leads us to the following conclusion.
Assuming that a relative change of velocity by 6 m/s is resolvable in the LU experiment,
a change of 2% in the elastic constants c11 of c33 of the AlScN should be detectable. With
an efficient use of the anisotropy of both the substrate and the film and with sufficiently
small attainable SAW wavelengths on the scale of the film thickness (i.e., a sufficiently
large frequency range), a determination of the elastic constants of AlScN films should be
achievable. Even in the long-wavelength limit, when the dispersion curves are essentially
straight lines, certain combinations of material constants can be extracted.

If the minimal achievable SAW wavelength is larger or of the order of the film thickness,
such that the SAW displacement field penetrates deeply into the substrate, the elastic
properties of the substrate as well as its orientation (e.g., off-cut angles) have to be known
to a high precision. On the other hand, if the frequency range can be considerably extended
to higher values, higher-order guided acoustic modes can be used in addition to the lowest
SAW to gain information about the elastic moduli of the film [11].

The sensitivity analysis in [17] confirms that the piezoelectric constants have a very
small influence on the SAW dispersion curves if compared to the elastic constants. However,
depending on the required accuracy in the determination of the elastic moduli, auxiliary
measurements with an alternative technique, such as the resonator method [10,11] will be
needed.

The measured SAW dispersion curves for c-plane and a-plane Al0.77Sc0.23N compare
very favorably with dispersion curves calculated with the data for the elastic and piezoelec-
tric constants in [5] for all SAW wavevector directions. These data were obtained in ab initio
calculations treating the atomic positions as static, which means that phononic thermal
contributions are disregarded. Very rough estimates on the basis of data for the temperature
dependence of Young’s modulus of AlN ceramics [37] and predictions of the temperature
dependence of the elastic moduli of AlN with highly simplifying assumptions [38] suggest
that the thermal contributions at room temperature to the elastic moduli are smaller than
1% of their total value. The sensitivities of the SAW dispersion curves, discussed above,
imply that such small variations cannot be resolved with our current laser ultrasound
setup.

In conclusion, the results for AlScN films on sapphire substrates, presented in this
work, confirm that laser ultrasound can be applied as a viable tool for the determination
of elastic properties of anisotropic, including piezoelectric films on anisotropic substrates.
This requires measurements of SAW dispersion curves for various propagation directions,
which can be pre-selected by simulations and a detailed sensitivity analysis. In comparison
to isotropic films, anisotropy poses an additional challenge because of an increased number
of independent elastic constants. At the same time, the anisotropy of the film and of
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the substrate offers the possibility of gaining additional information on different elastic
constants from certain different SAW propagation directions.
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Abstract: Due to their favorable electromechanical properties, such as high sound velocity, low
dielectric permittivity and high electromechanical coupling, Aluminum Nitride (AlN) and Aluminum
Scandium Nitride (Al1−xScxN) thin films have achieved widespread application in radio frequency
(RF) acoustic devices. The resistance to etching at high scandium alloying, however, has inhibited
the realization of devices able to exploit the highest electromechanical coupling coefficients. In this
work, we investigated the vertical and lateral etch rates of sputtered AlN and Al1−xScxN with Sc
concentration x ranging from 0 to 0.42 in aqueous potassium hydroxide (KOH). Etch rates and the
sidewall angles were reported at different temperatures and KOH concentrations. We found that
the trends of the etch rate were unanimous: while the vertical etch rate decreases with increasing Sc
alloying, the lateral etch rate exhibits a V-shaped transition with a minimum etch rate at x = 0.125. By
performing an etch on an 800 nm thick Al0.875Sc0.125N film with 10 wt% KOH at 65 ◦C for 20 min, a
vertical sidewall was formed by exploiting the ratio of the

{
1011

}
planes and

{
1100

}
planes etch rates.

This method does not require preliminary processing and is potentially beneficial for the fabrication
of lamb wave resonators (LWRs) or other microelectromechanical systems (MEMS) structures, laser
mirrors and Ultraviolet Light-Emitting Diodes (UV-LEDs). It was demonstrated that the sidewall
angle tracks the trajectory that follows the

{
1212

}
of the hexagonal crystal structure when different

c/a ratios were considered for elevated Sc alloying levels, which may be used as a convenient tool for
structure/composition analysis.

Keywords: aluminum scandium nitride (AlScN); aluminum nitride (AlN); wet etch; potassium
hydroxide (KOH); ferroelectric

1. Introduction

Acoustic filters are key components in the evolution of radio frequency communi-
cation systems. Quartz crystals, lithium tantalate (LiTiO3) and lithium niobate (LiNbO3)
surface acoustic wave (SAW) filters made the first two generations (Global System for
Mobile communication, or GSM and Code-Division Multiple Access, or CDMA) of mobile
networks possible [1,2], followed by AlN Bulk Acoustic Wave (BAW) resonators for the 3G
(WCDMA) and 4G-LTE networks [3]. As the road map to 5G and beyond unfolded, filter
requirements have increased and call for filters that exhibit lower insertion loss, higher
temperature stability, steeper skirts and wider bandwidth. To achieve these metrics, a
new material with enhanced piezoelectric coefficients is needed, since it can lead to more
efficient coupling that directly transfers to increased filter bandwidth. In 2001, Takeuchi
identified, by first principal calculation, that wurtzite AlScN had the potential [4] to achieve
higher piezoelectric coefficients than AlN. Akiyama et al. later showed this through mea-
surement of co-sputtered AlScN films [5–7] that demonstrated a peak d33 of 27.6 pC/N [6].
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Therefore, AlScN has become a competitive candidate for different filter designs targeting
5G NR mmWave (Ka band, 26 GHz) [8–10] or higher. As a result, extensive research has
been conducted on its material properties, growth, characterization and device fabrication.

Etching is a key step in the fabrication of AlScN devices. Like other III–V nitride
alloys, existing etching techniques on AlN/Al1−xScxN can be grouped into two categories:
dry etching and wet etching. For dry etching, ion-milling that uses Ar exclusively and
Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE), which utilizes BCl3/Cl2/Ar
mixtures, are common methods [11]. The latter is the more routinely used technique for
dry etching polycrystalline AlN, and etch rates can reach up to 420 nm/min [12] for an ICP
power of 800 W. Nevertheless, this etch rate drops dramatically with increasing scandium
concentration. For an Al0.85Sc0.15N film, the etch rate declined to 64% of that of AlN [13];
for Al0.73Sc0.27N, 42% under the same etch condition [14]; and for Al0.64Sc0.36N, 10% of
that for AlN [15]. As for single-crystalline Al1−xScxN, the reduction in etch rate occurred
much faster: at x = 0.02, the etch rate already reduced to 15% of AlN, and at x = 0.15, it was
12.7% [16]. Not only has the existence of scandium retarded the etch rate, but its non-volatile
etching by-products also re-deposit during the etch process, resulting in a roughened and
tapered side wall less than 76◦ if Ion Beam Etching (IBE) is not used [17,18]. The poor
selectivity requires very thick, hard masks during processing and makes it challenging to
stop the AlScN etch on underlying metal electrode materials. Both the slow etch rate and
low selectivity can limit the maximum AlScN film thickness realizable in a MEMS process.
Table 1 summarizes selected studies on the dry etch rates of AlN/Al1−xScxN:

Table 1. Published dry etch rates of AlN/Al1−xScxN in ICP-RIE.

Material Crystallinity Etchant
Flow (sccm)

ICP/RF
Power (W)

Pressure
(m Torr)

Etch Rate
(nm·s−1) Rate to AlN Ref.

AlN

Polycrystal

BCl3/Cl2/Ar
(10/14/6) 800/NA 5 420 1.00 [12]

Al0.85Sc0.15N BCl3/Cl2/He
(30/90/100) 550/150 NA 160 0.64 [13]

Al0.73Sc0.27N SiCl4
(NA) 150/225 15 10 0.42 [14]

Al0.64Sc0.36N BCl3/Cl2/Ar
(30/90/70) 400/120 NA 30 0.10 [15]

AlN Single
Crystal

BCl3/Cl2/Ar

(10/20/10)
200/50 5

86.0 1.00
[16]Al0.98Sc0.02N 13.3 0.15

Al0.84Sc0.16N 11.0 0.127

Compared to dry etching, wet etching can be rather advantageous owing to its less expen-
sive tooling. Common etchants include tetramethylammonium hydroxide (TMAH) [19–21],
phosphoric acid (H3PO4) [22,23] or phosphoric acid-based solution [21] (PWS, containing
80% H3PO4, 16% H2O and 4% HNO3), potassium hydroxide (KOH) [22,24,25] and AZ400K
Developer (contain 10 wt% of KOH) [26]. Among them, we found KOH to be rather attrac-
tive due to its availability and non-toxicity with a relatively high etch rate and high etch
selectivity to silicon nitride (SiNx). The current research focusing on AlN etching in KOH is
abundant, yet very few details were disclosed regarding the etching of Al1−xScxN, let alone
a complete survey of its etch rate as a function of Sc alloying. For the data available, the etch
rate varies substantially based on the temperature, crystallinity and etchant concentration.
Table 2 summarizes previous studies on the etch rates of AlN/Al1−xScxN in aqueous KOH.
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Table 2. Published vertical etch rates of AlN/Al1−xScxN in aqueous KOH solutions.

Material Crystallinity Etchant Temp (◦C) Etch Rate
(nm·s−1)

Activation
Energy

(kcal·mol−1)

Rate at 45 ◦C
(nm·s−1) Ref.

AlN

Single Crystal AZ400K 60 1.1 15.13 0.8
[26]Single Crystal

(with high defect
density)

AZ400K 60 25.1 15.24 10.3

Polycrystal

AZ400K 32 185.0 15.65 561.40 [26]
AZ400K 40 92.20 2.0 ± 0.5 107.93 [27]

45 wt% KOH 60 5.83 NA 1.89 [28]
1 wt% KOH 70 8.33 NA 1.34 [29]

Al0.80Sc0.20N
Polycrystal

25 wt% KOH RT 0.66
15.85 3.59 [25]25 wt% KOH 40 2.38

Al0.64Sc0.36N 25 wt% KOH 80 33.33 NA 2.77 [23]
Al0.63Sc0.37N 20 wt% KOH 20 0.42 NA 3.56 [30]

Note: For comparison, the etch rates were converted to 45 ◦C with activation energy Ea given by the author, or
assuming Ea = 15.85 kcal/mol if data were unavailable.

The lack of variable control and the limited data make it difficult to draw solid con-
clusions on the factors affecting the etch rate, though from the AlN/Al1−xScxN dry etch
results and the KOH wet etch of its III–V alloy kin Al1−xInxN [27]/Al1−xGaxN [29], one
would assume that the etch rate decreases with the increasing Sc concentration. Moreover,
even though prior etching studies reported the anisotropic nature of the etch, with prefer-
ential etching of the c-plane

{
0001

}
in N-polar AlN/Al1−xScxN [28,29] while exposing the{

1011
}

planes [31] from whose boundary the sidewall that follows is the
{

1212
}

of the
hexagonal crystal structure, lateral etch rates have not been reported. To date, there have
been but a few papers [32,33] discussing KOH etching of AlN/Al1−xScxN in detail, and
only AlN and Al0.80Sc0.20N were studied. Therefore, we report a thorough survey on the
vertical and lateral etch rates of sputtered AlN/Al1−xScxN in aqueous KOH solutions vs.
scandium concentrations, where the KOH concentrations and solution temperatures were
strictly regulated. We found that the vertical etch rate declines steadily with increasing
scandium concentration, whereas the lateral etch rate experiences a V-shaped transition
with a minimum value of 0.043 ± 0.002 nm/s at x = 0.125. By etching the Al0.875Sc0.125N
film in 10 wt% KOH at 45 ◦C for 10 min, a nearly 90◦ sidewall was produced by exposing
the

{
1100

}
planes. This technique is capable of generating a vertical sidewall without

pre-treatment and could be beneficial for the fabrication of numerous kinds of microelec-
tromechanical systems (MEMS) device such as lamb wave resonators (LWRs), laser mirrors
and Ultraviolet Light-Emitting Diodes (UV-LEDs).

The findings are presented in four sections: (1) Introduction, containing the problem
selected, literature review, novelty and section description; (2) Experiment, containing the
deposition methods, film characterization, etch mask patterning, wet etching process steps
and data interpretation methodology; (3) Results and Analysis, containing the illustration
of results and detailed analysis; (4) Conclusion, summarizes the paper and the novelty of
the research.

2. Experiment
2.1. Film Deposition
2.1.1. Growth

Based on the crystallinity of AlN/Al1−xScxN, several methods can be used for film
growth. Single-crystal AlN can be grown via physical vapor transport (PVT) on substrates
up to 60 mm in diameter [34–36]. Single-crystal Al1−xScxN can be grown by molecular
beam epitaxy (MBE) [9] on 100 mm wafers [37] with scandium concentration x from 0.06
to 0.36 [38]. The growth of Sc alloyed AlN via metal–organic chemical vapor deposition
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(MOCVD) had suffered from the lack of Sc precursors [39]; however, research in this
field is catching up quickly, and the ability to grow 36% Sc alloyed Al1−xScxN films on
100 mm wafers has been demonstrated [40,41]. High-quality polycrystalline Al1−xScxN
films can be deposited with physical vapor deposition (PVD) methods such as magnetron
sputtering. This method features a high deposition rate, low growth temperature, and the
capability of up-scaling in substrate size [42–46], and has been adopted by a variety of tool
manufacturers for industrial mass production [47].

Al1−xScxN depositions were performed in an Evatec CLUSTERLINE® 200 II Physical
Vapor Deposition System (Evatec AG, Trübbach, Switzerland) at a substrate temperature
of 350 ◦C with 150 kHz pulsed DC bias with an 88% duty cycle. No RF substrate bias was
applied and the AlScN materials were deposited directly onto silicon substrates. No pre-
cleans were applied to the substrates. Two 100 mm metal targets were used, Al (99.999%)
and Sc (99.99%), with a target-to-substrate distance of 88.5 mm. Before deposition, the
chamber was pumped to a base pressure lower than 1.0 × 10−7 mbar. A 15 nm AlN film
was deposited first onto a 100 mm Si (100) wafer as the seed layer by sputtering Al in a pure
nitrogen environment with a target power of 1000 W and N2 flow of 20 sccm. Subsequently,
a 35 nm linearly graded Al1−xScxN layer was deposited by gradually increasing the Sc target
power while maintaining the Al target power constant. Finally, a 750 nm bulk Al1−xScxN
layer was deposited by fixing both the Al and Sc target powers. The 20 sccm N2 flow was
maintained during the process and no Ar was used throughout. The chamber pressure
remained close to 8.0× 10−4 mbar during the deposition. A total of 15 films were deposited
with Sc concentration ranging from 0% to 42%. Table 3 summarizes the correlation between
Sc target power and Sc concentration based on our previous research [48].

Table 3. Scandium concentration vs. Sc target power.

Sc Alloying
in Film (%) 0 5 10 12.5 15 20 25 28 30 32 34 36 38 40 42

Sc Target Power
(W) 0 40 80 130 185 300 400 450 510 555 610 655 685 710 770

2.1.2. Surface Metrology

The adoption of the AlN seed layer, the Al1−xScxN gradient layer, and pure nitrogen
sputtering environment greatly reduced the occurrence of abnormally oriented grains
(AOGs). AOGs are a series of wurtzite Al1−xScxN crystals that do not have their c-axis
perpendicular to the substrate [49]. They could erupt from the crystalline interface if grown
under unfavorable conditions, especially for films with higher Sc concentration [50]. If
not suppressed, they may occupy the entire film surface [49,51,52], severely degrading
device performance [53,54] and locally slowing the etch rate. To examine the film quality,
atomic force microscopy (AFM) scans were conducted using a Bruker Icon AFM, and most
of the films measured showed a roughness of <2 nm. Figure 1a shows the surface of an
Al0.64Sc0.36N film within a 20 × 20 µm2 field. The root mean square (RMS) surface rough-
ness Rq is 0.840 nm and Ra is 0.641 nm. The film quality is also supported by the rocking
curve measurements, which were performed by a Rigaku Smart Lab X-RAY Diffractometer
(XRD) with a high resolution Parallel Beam (PB) Ge (220) × 2 monochromator (Rigaku
Corporation, Tokyo, Japan). The Omega scan data are centered at 18.13 ◦ with a full width
at half maximum (FWHM) of 1.80 ◦ for a 500 nm film deposited on Si (100) using the same
process, indicating that the film is highly c-axis textured. All films had a similar quality
based on the AFM and XRD measurement.
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Figure 1. (a) AFM of the Al0.64Sc0.36N Film. (b) Rocking curve measurement (Omega Scan) of an
Al0.64Sc0.36N film.

2.2. Film Patterning

To selectively etch AlN/Al1−xScxN, the film must be patterned so that only locations
of interest would be exposed in the etchant. Silicon nitride (SiNx) was chosen as our
hard mask, as it has an etch rate of 0.67 nm/min in 30% KOH at 80 ◦C [55], which is
negligible compared to the etch rates of Al1−xScxN. A 200 nm SiNx film was deposited on
top of the Al1−xScxN film in an Oxford Plasma Lab 100 Plasma-enhanced Chemical Vapor
Deposition (PECVD) machine (Oxford Instruments Plasma Technology, Bristol, UK), and
on the backside of the wafer as well to protect the Si substrate during the etch. Afterwards,
photoresist MICROPOSIT®S1813 was spin-coated and exposed in a Karl Süss MA6 Mask
Aligner (SÜSS MicroTec SE, Garching, Germany) via contact lithography. The exposed
film was developed in TMAH-0.26N developer, then transferred to an Oxford 80 plus
Reactive-ion Etching (RIE) etcher (Oxford Instruments Plasma Technology, Bristol, UK).
A 30 s O2 descum was performed first to remove the remaining resist, followed by 3 min
of SiNx etch with CHF3/O2 mixture. Finally, the resist was stripped in MICROPOSIT®

remover 1165 with ultrasonic bath at 60 ◦C and plasma cleaned. Figure 2 illustrates the
fabrication process.

2.3. KOH Wet Etching
2.3.1. Principle

The wet etching of III–V nitrides in general involves the formation of an oxide on the
surface and the subsequent dissolution of the oxide [24]. The flowing reactions occur when
AlN/Al1−xScxN is subjected to the alkaline environment [29]:

2AlN + 3H2O KOH→ Al2O3 + 2NH3 (1)

AlN + 3H2O KOH→ Al(OH)3 + NH3 (2)

2ScN + 3H2O KOH→ Sc2O3 + 2NH3 (3)

ScN + 3H2O KOH→ Sc(OH)3 + NH3 (4)

In this reaction, KOH acts as the catalyst that pushes the equation to the right side.
Due to the origin of the reaction, N-polar AlN/Al1−xScxN are preferred to be etched as it is
difficult for OH− to make contact with the Al/Sc atoms in the metal polar state because of
repulsion from the negatively charged dangling nitrogen bonds [24].
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2.3.2. Etching Process

A water bath was established for the etching to be conducted in a stable temperature
environment. A trough was filled with deionized (DI) water and placed upon an Echo
Thermal HP30 hotplate (Torrey Pines Scientific, Inc., Carlsbad, California). Around 300 mL
of 30% KOH/diluted KOH was poured into a beaker, which was later transferred into
the trough. A Teflon plate was added in between to avoid direct heating. Finally, a ther-
mocouple was submerged into the KOH solution and connected to the hotplate through
a proportional–integral–derivative (PID) control loop to adjust the solution temperature.
With all these measures, the solution temperature was able to be stabilized within ±1 ◦C
during etching. The test sample was cleaved into an 8 × 10 mm2 die and clamped by
a tweezer when dipped into the solution. When submerged in the KOH, samples ex-
perienced minimal agitation, and upon removal, they were rinsed under DI water and
subsequently dried with N2. Finally, the sample was cleaved from the middle (Figure 3a)
and a cross-section was imaged in a FEI Quanta 600 Environmental Scanning Electron
Microscope (ESEM) (FEI Company, Hillsboro, OR, USA) (Figure 3b).
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Figure 3. (a) A cleaved sample after etching. Black background is the vacancy after cleaving.
(b) Cross-section SEM image of an Al0.72Sc0.28N film etched for 30 s in 30% KOH at 60 ◦C.
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2.3.3. Data Interpretation

Three types of data were extracted from the SEM images: vertical etch depth, lateral
etch length (undercutting) and the sidewall angle. The vertical etch depth is defined as
the etching depth into the AlN/Al1−xScxN film from the bottom of the SiNx hard mask.
It can be somewhat ambiguous, as hexagonal-shaped hillocks are known to form after
KOH etching [29], which makes it difficult to identify the end point of the etch. Since the
phenomenon is presumed to be defect-related in AlN [28,55], we conclude that the ‘tip’ of
the pyramid acts as a mask in this process and thus the etch front should be read as the
basal plane of the hexagonal pyramid. Figure 4a is a demonstration of how the etch depth
was measured in case of the existence of the hillocks. The lateral etch length is defined as
the etch length underneath the SiNx hard mask (Figure 4b). Finally, the sidewall angle is
simply the angle between the sidewall and base plane.
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Figure 4. (a) Al0.95Sc0.05N etched for 10 s in 30% KOH at 45 ◦C. (b) Al0.85Sc0.15N etched for 2.5 min
in 30% KOH at 65 ◦C.

3. Results and Analysis
3.1. Etch Result with 30% KOH at 45 ◦C

Due to the limited film thickness and the vastly different etch rates of films with
varying Sc concentrations, it was not practical to use the same etch time when determining
the vertical etch rate. Instead, films with lower Sc concentration were etched for a shorter
amount of time. The following table (Table 4) illustrates the time used in each case:

Table 4. Scandium concentration vs. etch time (short etch time in 30% KOH at 45 ◦C).

Sc Alloying (%) 0 5 10 15 20 25 28 32 36

Etch Time (s) 5 10 20 20 60 60 60 60 60

It should be noted that not all samples fabricated, as mentioned in Section 2, had their
vertical etch rate measured due to the availability of the sample at the time this experiment
was conducted. For the etched samples, cross-section images were taken from several spots
to avoid local variations. Figure 5 summarizes the vertical and lateral etch rates vs. Sc
concentration for etching in 30% KOH at 45 ◦C.
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Figure 5. (a). Vertical etch rate of Al1−xScxN in 30% KOH at 45 ◦C. (b) Lateral etch rate of Al1−xScxN
in 30% KOH at 45 ◦C (short etch time).

Intuitively, the vertical etch rate matches our expectation: a steady decline with
increasing Sc concentration. The Al0.80Sc0.20N has an average vertical etch rate of 7.58 nm/s,
and the Al0.64Sc0.36N has an average vertical etch rate of 3.68 nm/s. Compared to the values
of 3.59 nm/s and 2.77 nm/s obtained by K. Bespalova et al. [25] and S. Fichtner et al. [23]
respectively, they are not exact matches but in the same order of magnitude. It should be
noted that as per the view of A. Ababneh et al. [56], the etch rate of AlN is a strong function
of sputtering conditions; thus, this study can be used to predict the trend instead of the
absolute etch rate when applied to films deposited under different conditions. The lateral
etch rate has several distinctive features requiring further examination. First, the standard
deviation of the lateral etch rate is considerably larger than that for the vertical etch. This is
due to the finite amount of lateral etching performed. As exhibited in Figure 4a, the film
has a lateral etch length of only a few dozen nanometers in some cases, which makes it
difficult to accurately measure. Secondly, the etch rate of Al0.72Sc0.28N does not fit in the
line. Lastly, the lateral etch rate begins to increase for concentrations in excess of 20% Sc.

To further explore the lateral etching, a second experiment was conducted in which
the lateral etch length was extracted over a longer etching period. The number of Sc
concentrations in this study was also expanded for higher resolution as shown in Table 5:

Table 5. Scandium concentration vs. etch time (long etch in 30% KOH at 45 ◦C).

Sc Alloying
in Film (%) 0 5 10 12.5 15 20 25 28 30 32 34 36 38 40 42

Etch Time (min) 10 10 10 10 5 5 5 5 4 5 4 5 4 4 4

Before the long-span etching was performed, a linearity check was conducted to
make sure that the etch does not change during the etching process. The film tested was
Al0.64Sc0.36N and it was subjected to etches of 60 s, 80 s, 300 s, 1200 s and 2400 s, respectively.
A linear regression was performed, and the lateral etching proved to be highly linear with
the R2 = 0.9968. The fact that the same etch rate was retained after 40 min indicates that the
etch is reaction-limited, e.g., not confined by mass transferring, and matches the description
of AlN etching in KOH given by Mileham et al. [26] (Figure 6).
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Figure 6. (a). Lateral etch length with respect to etch time of Al0.64Sc0.36N in 30% KOH at 45 ◦C.
(b) Lateral etch rate of Al1−xScxN in 30% KOH at 45 ◦C (long etch time).

The long etch time returned similar results compared with the short etch time. The
etch rate experienced a transition where it reaches the lowest at x = 0.125. However,
discrepancies still exist for the etch rates of x = 0.28, 0.30, 0.34 and 0.38 when compared to
other films with Sc concentration x > 0.125. One explanation might be that these films were
deposited in different batches as opposed to the rest of the films. As stated above, what
exhibits as different etch rates here might be the result of the different chamber condition
when the films were being sputtered. It was apparent that even though they do not fit in the
line made from the x = 0.125, 0.15, 0.20, 0.25, 0.32 and 0.36 films, they were able to constitute
their own trend line with almost has the same slope. Deeper examination revealed that
the etch rate of the x = 0.28 film was lower than expected on two different films deposited
in different batches, and further studies should be carried out to better understand these
subtle trends in lateral etch rate.

For most Sc concentrations, the sidewall angle of films remains invariant throughout
the etching. As demonstrated in Figure 7, an extra-long submerge of the sample does not
change the sidewall angle by a visible amount, and for the changes that could be measured,
it can be attributed to the tilting of the sample itself during imaging.

The sidewall is a reflection of the crystal structure of the Al1−xScxN films. As per
the findings of W. Guo et al., due to the energy difference between crystalline planes, the
c-plane

{
0001

}
will be etched first prior to the deterioration of the

{
1011

}
planes [31].

Hence, during the anisotropic etching process, the exposed 〈1123〉 slip edges between the
boundary of the

{
1011

}
planes forms the facets that follow the

{
1212

}
of the hexagonal

crystal structure, behind which lateral etching ceases advancing (Figure 8).
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Figure 7. (a) Al0.90Sc0.10N etched for 20 s; (b) Al0.75Sc0.25N etched for 60 s; (c) Al0.64Sc0.36N etched for 80 
s; (d) Al0.90Sc0.10N etched for 10 min; (e) Al0.75Sc0.25N etched for 5 min; (f) Al0.64Sc0.36N etched for 20 
min. All etching was performed in 30 wt % KOH at 45 °C. The sidewall angle is preserved after the 
long etch. 

55.8 ° 

47.9 ° 

47.6 ° 

43.0 ° 
42.1 ° 

56.7 ° 

Figure 7. (a) Al0.90Sc0.10N etched for 20 s; (b) Al0.75Sc0.25N etched for 60 s; (c) Al0.64Sc0.36N etched for
80 s; (d) Al0.90Sc0.10N etched for 10 min; (e) Al0.75Sc0.25N etched for 5 min; (f) Al0.64Sc0.36N etched
for 20 min. All etching was performed in 30 wt% KOH at 45 ◦C. The sidewall angle is preserved after
the long etch.
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Figure 8. (a). Exposed 〈1123〉 slip edge in an Al0.95Sc0.05N film etched in 30% KOH at 45 ◦C for
10 min; (b) the sidewall that follows the

{
1212

}
facet created by the boundary between the

{
1011

}

planes of the same etch condition for 5 min.

Moreover, for a Hexagonal Close-Packed (HCP) unit cell with an axis length c/a,
the sidewall angle, θ (Figure 9), of the

{
1212

}
facets as a function of lattice length can be

calculated as θ = arctan(c/a):
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Figure 9. Crystal planes in Al1−xScxN HCP lattice.

Using the c/a data from the work presented by Österlund et al. [45], and considering
the isotropic etching of the

{
1011

}
plane, the theoretical sidewall angle ϕ can be plotted

against the experimental value (Figure 10).
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Figure 10. Comparison of experimental and theoretical sidewall angle vs. Sc concentration.

The absolute value of the experimental and theoretical angles follows the same trajec-
tory with a parabolic downtrend with increasing Sc concentration until the Sc concentration
exceeds 40%. We hypothesize that the side profile is the result of both anisotropic and
isotropic etching. At lower Sc concentration, the etch rate on the c-plane

{
0001

}
is signif-

icantly higher, the momentum of the etch is downwards, and thus the side wall creates
a facet that follows the

{
1212

}
of the hexagonal crystal structure. At a higher Sc concen-

tration, the low vertical etch rate slows down the descending penetration, allowing the
etchant to further react with the sidewall planes already exposed. Therefore, the closer the{

1011
}

planes are to the surface, the more they are etched away; as a result, the sidewall
angle becomes lower than that predicted solely based on the anisotropic crystal etching, i.e.,
lower than θ. This can be partially verified by some of the abnormal points on the graph,
most of which have a small lateral etch rate (e.g., 12.5% and 42% Sc), which prevents the
etching of their corresponding

{
1011

}
planes.

3.2. Etch Results with 30 wt% KOH at 65 ◦C and 10 wt% KOH at 65 ◦C

The experiment was also carried out at an elevated temperature and with lower KOH
concentration to rule out any possible interference to the outcome except for the intrinsic
material properties. At elevated temperature, the etching was performed with a short
etching time of 150 s, except for Al0.875Sc0.125N, which was etched for 450 s. Etching with
lower KOH concentration was performed for 20 min for all Sc alloying concentrations. As
a result of the faster etching rate, the vertical etch rate could not be measured. The lateral
etch rate and sidewall angle of the experiment are presented below (Figure 11):
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Figure 11. (a) Lateral etch rate at elevated temperature and lower etchant concentration. (b) Sidewall
angle at elevated temperature and lower etchant concentration.

A trend consistent with the etching studies reported above was also observed here,
where the lowest etch rate was found to be at x = 0.125 and a decreasing sidewall angle
was observed with increasing Sc concentration. Under the SEM, white clusters can be seen
occasionally near the etch front, which we assume to be the unsoluable reaction by-product
Sc(OH)3. Further research still needs to be conducted on the effect of its presence.

3.3. Formation of Vertical Sidewall in Al0.875Sc0.125N

While differences can be observed across the spectrum, the lateral etch rate unani-
mously reaches its lowest point when the Sc concentration is at 12.5%. An inspection of the
etch results have shown that during the etching, a more vertical side wall can be formed, as
shown in Figure 12.
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Figure 12. Lateral etch of Al0.875Sc0.125N in (a) 30% KOH at 45 ◦C for 10 min; (b–d) 10% KOH at
65 ◦C for 20 min.

Although (a) was etched with different parameters compared to (b–d)—plus, (b–d)
were etched for almost the same time—we conjecture that these images are demonstrating
the transient response of the same etching dynamics. The KOH etch is slowed significantly
at the Si {111} plane and the Al0.875Sc0.125N

{
1011

}
plane due to the low etch rate. Because

of the energy differences between removing
{

1011
}

Al0.875Sc0.125N and {111} Si, the KOH
slowly etches Si {111} until it comes into contact with the Al0.875Sc0.125N

{
1100

}
planes,

which requires lower energy to react than the
{

1011
}

planes. As a result, the etchant
begins to remove and simultaneously etch Si {111} and

{
1100

}
AlScN. By the time the

entire
{

1100
}

planes were exposed, a vertical sidewall was formed. It is possible that
the slow lateral etch rate is necessary but not sufficient for the exposure of the

{
1100

}

AlScN to occur. This has been demonstrated with the lateral etching of Al0.85Sc0.15N
and Al0.72Sc0.28N, which have slightly higher lateral etch rates than Al0.875Sc0.125N. As
shown below (Figure 13), the etchant may preferentially etch Si {111} instead of m-plane
Al1−xScxN.
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Figure 13. (a) Al0.85Sc0.15N etched for 20 min in 10 wt% KOH, etch front of AlScN approaching Si
{111}; (b) KOH preferentially etches Si {111} instead of

{
1212

}
AlScN; (c) Al0.72Sc0.28N etched for

20 min in 10 wt% KOH, etch front of AlScN aligned with Si {111}; (d) KOH preferential etching of Si
{111} instead of

{
1212

}
AlScN. All etches were performed at 60 ◦C.

The
{

1100
}

plane etching has been reported before in single-crystal GaN [57] and
Al1−xGaxN [58], and as per the findings of W. Chen et al. [57], the preference of its etching
in GaN is a result of its smaller dangling bond density, which makes it more stable in KOH
than the

{
1011

}
plane. Therefore, one explanation might be that the Al0.875Sc0.125N film

has the highest activation energy in terms of the lateral etching, which was calculated to be
23.14 kcal/mol based on the data available. Nevertheless, this is one of the limited examples
where this is reported in sputtered Al1−xScxN, and more research needs to be conducted to
reveal the mechanism behind the vertical sidewall formation. This method, combined with
BCl3/Cl2 dry etching, could potentially be applied in fabricating vertical side walls using a
two-step fabrication process, which will benefit the research and production of LWR, laser
mirrors, UV LEDs and a variety of MEMS devices.
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4. Conclusions

We extensively studied the vertical and lateral etch rate of AlN/Al1−xScxN in aqueous
KOH solutions across etch temperature, KOH concentration and a broad range of scandium
alloying. It was shown that the vertical etch rate declines steadily with increased levels of
Sc alloying, declining from 124.6 ± 0.68 nm/s for AlN to 3.7 ± 0.063 nm/s for Al0.64Sc0.36N
in 30 wt% KOH at 45 ◦C. By contrast, the resistance to lateral etching peaks at a mere
0.043 ± 0.002 nm/s when x = 0.125. This is orders of magnitude lower compared to the
lateral etch rate of 1.99 ± 0.01 nm/s for AlN or 1.99 ± 0.17 nm/s for Al0.64Sc0.36N. We have
also demonstrated that KOH wet etching of Al1−xScxN is mostly anisotropic, and that the
etch profile can be predicted from the crystal structure coupled with a small-scale isotropic
etching of the sidewall. A technique for fabricating a vertical sidewall by exposing the{

1100
}

planes of sputtered Al1−xScxN was also demonstrated via etching an 800 nm thick
Al0.875Sc0.125N film in 10 wt% KOH at 65 ◦C for 20 min. With this method, the fabrication
of numerous MEMS devices such as LWRs, laser mirrors and UV-LEDs can be benefited.
Future work will include detailed research on the activation energy for the lateral etching of
AlN/Al1−xScxN using Arrhenius plots formed [32] from a series of design of experiments
(DOE) using the Taguchi method [59].
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Abstract: In the past decade, aluminum scandium nitride (AlScN) with a high Sc content has shown
ferroelectric properties, which provides a new option for CMOS-process-compatible ferroelectric
memory, sensors and actuators, as well as tunable devices. In this paper, the ferroelectric properties
of Al0.7Sc0.3N grown on different metals were studied. The effect of metal and abnormal orientation
grains (AOGs) on ferroelectric properties was observed. A coercive field of approximately 3 MV/cm
and a large remanent polarization of more than 100 µC/cm2 were exhibited on the Pt surface. The
Al0.7Sc0.3N thin film grown on the Mo metal surface exhibited a large leakage current. We analyzed
the leakage current of Al0.7Sc0.3N during polarization with the polarization frequency, and found that
the Al0.7Sc0.3N films grown on either Pt or Mo surfaces have large leakage currents at frequencies
below 5 kHz. The leakage current decreases significantly as the frequency approaches 10 kHz. The
positive up negative down (PUND) measurement was used to obtain the remanent polarization of the
films, and it was found that the remanent polarization values were not the same in the positive and
negative directions, indicating that the electrode material has an effect on the ferroelectric properties.

Keywords: AlScN; ferroelectric; thin film; leakage current; PUND test

1. Introduction

Ferroelectrics are materials that possess spontaneous polarization in the absence of
an applied electric field, and the direction of its polarization vector can be flipped by the
applied electric field [1,2]. It is an essential component in a wide range of applications,
such as non-volatile memories and radio frequency (RF) devices [3–5]. Components based
on ferroelectric thin films are also being developed for a variety of sensor and actuator
applications, as well as tunable microwave circuits [6,7]. Many ferroelectric materials
are perovskites with drawbacks, such as low quasi-electric transition temperatures, non-
linear shifts or limited compatibility with complementary metal oxide semiconductors
(CMOSs) or III-nitride technologies. These issues have so far prevented the popularization
of ferroelectric functionality in microelectronics [8].

Aluminum nitride (AlN) thin films have a relatively high acoustic phase velocity,
low acoustic wave loss, considerable piezoelectric coupling constant, and a coefficient of
thermal expansion similar to that of Si and GaAs. These unique properties of AlN films
make them widely used in mechanical, microelectronic, optical, MEMS transducers, surface
wave devices (SAWs) and high-frequency broadband RF filters in the communication front-
end [9,10]. AlN thin film is a III-V group semiconductor with a Wurtzite-type structure, and
possesses polarization (N-polar and metal-polar) along the c-axis due to the separation of
aluminum and nitrogen atoms in each plane under certain stress conditions [8]. However,
AlN does not possess ferroelectricity because its polarization direction cannot be switched
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in an electric field below its own dielectric breakdown limit. In recent years, aluminum
scandium nitride (AlScN) has become a hot research topic [11,12]. The significantly higher
piezoelectric coefficient of AlScN compared to AlN has led to piezoelectric devices based
on AlScN with high electromechanical coupling coefficients [13]. More interestingly, AlScN
has been approved to be ferroelectric with a high Sc ratio, and its ferroelectric switching
voltage can be flexibly adjusted depending on the Remanent stress and Sc content to meet
the needs of ferroelectric thin films in a wide range of application scenarios [14,15]. The
two polarization states of AlScN are shown in Figure 1.

Figure 1. The two polarization states formed when the scandium atom occupies the position of the
aluminum atom: (a) N-polar and (b) metal-polar.

In this work, the ferroelectric properties of AlScN with a 30% Sc content on Pt and Mo
bottom electrodes were studied. It was found that the ferroelectric properties of the films
grown on Mo and Pt are significantly different. The leakage current of the Mo sample is
quite high and the polarization value obtained from the hysteresis curve is almost double
that of the Pt sample. In the PUND test, this gap was maintained and it was observed that
the remanent polarizations in the positive and negative directions were not equal. Given
that the top and bottom electrodes of the device are not of the same material, it can be
concluded that different metal electrodes play a role in the ferroelectricity of the film [16].

2. Fabrication and Experiment Setup

According to previous studies, the AlScN films with Sc contents below 27% are prone to
break down near the coercive field, and a distinct ferroelectric polarization occurs with a Sc
content of more than 27%. As the Sc contents increase, the coercivity, saturation polarization
and remanent polarization all decrease [8,11,14]. Therefore, we prepared AlScN thin films
at a specific Sc content of 30% in this study. In the study, 200 nm thick Al0.7Sc0.3N films
were deposited using a pulsed DC magnetron reactive sputtering (EVATEC CLUSTERLINE
® 200 MSQ) with a single 4-inch Al0.7Sc0.3N alloy target, as shown in Figure 2a. The films
deposited in this way grow along the c-axis direction [17,18]. In order to apply the electric
field across the film thickness direction, 100 nm Pt and 200 nm Mo were used as the bottom
electrodes, respectively. Then, 100 nm Al was used as the top electrodes for a simplified
process flow. The final device structure is shown in Figure 2b.

X-ray diffraction (XRD) was used to characterize the crystalline quality of Al0.7Sc0.3N.
A comparison and evaluation of the number of abnormal orientation grains on the film
surface was obtained from SEM images. Then, the dielectric properties were measured
using Keysight B1500 to test the I−V and C−V curves of the samples. To characterize
the ferroelectric polarization of the films in Pt and Mo, hysteresis tests with different
polarization voltage and frequencies were performed using a Radiant Multiferroic II II
tester. However, other components of the system, including electrodes, leads and interfaces,
could dominate the electrical response rather than the intrinsic properties of the material
of interest [19]. Therefore, PUND measurements were used to separate the different
components of the electrical response of a ferroelectric film. In this measurement, a sequence
of five pulses was introduced. The first pulse (pulse 1) flips the polarization of the sample
to a defined state. The second pulse is in the opposite direction of the first pulse and Vmax is
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maintained for one pulse width to ensure that the sample is saturated with polarization, at
which point, the polarization value P1 is recorded. After the second pulse, their is a wait of
one pulse width and the second polarization value P2 is recorded. After certain pulse delay,
a third pulse is applied and the third polarization value P3 is recorded at its end. Then,
there is a wait of one pulse width to record the polarization value P4 and subtract P1 from
P3 to obtain dP, since P1 contains both switching and non-switching components, whereas
P3 contains only non-switching components, so dP can represent the correct remanent
polarization. Typically, P2-P4 is written as dPr, since P2 and P4 are the polarization values
recorded after waiting for a pulse width and losing a certain polarization, and dPr should
be equal to dP. Pulse 4 and pulse 5 are similar to pulse 2 and pulse 3, only in the opposite
direction, in order to obtain −dP and −dPr. Figure 3 shows the pulse sequence of the
PUND test.

Figure 2. (a) Schematic diagram of magnetron sputtering deposition of Al0.7Sc0.3N. (b) Stacking
schematic of Pt/Mo-AlScN-Al structure.

Figure 3. Schematic of the pulse sequence for the PUND test. The pulse intensity is Vmax, and each
pulse maintains a pulse width. When a pulse ends, a pulse width plus pulse delay is waited for in
order to input the next pulse. The polarization values are recorded twice for each pulse cycle.

3. Results and Discussions
3.1. Film Quality Characterization

As shown in Figure 4a, the full width half maximum (FWHM) of the 2θ/θ scans of the
200 nm Al0.7Sc0.3N films grown on Pt and Mo surfaces were 0.36◦ and 0.50◦, respectively.
The FWHM of the ω-rocking curve of Al0.7Sc0.3N (0002) peak is below 2.5◦ on Pt samples,
and approximately 3◦ on Mo samples. The absence of other peaks near the Al0.7Sc0.3N
(0002) peak indicates that the film has a good c-axis orientation [20]. The diffraction peak of
the sample on the Pt surface is stronger and has a better grain orientation [21]. Comparing
SEM images Figure 4b,c, there are a large number of abnormal grains of Al0.7Sc0.3N grown
on the Mo surface. These AOGs lead to a partial or total loss of the c-axis texture in the
surface layer of the films. Since the polarization direction of AlScN is along the c-axis, it
can be assumed that the ferroelectric properties of the Mo sample will be worse than those
of the Pt sample, which will be further verified in the later measurement.
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Figure 4. (a) X-ray diffraction 2θ/θ scan Al0.7Sc0.3N on (a) Pt and (b) Mo. The peak of Al0.7Sc0.3N
(0002) on the Pt sample is stronger than that of the Mo sample. SEM image of Al0.7Sc0.3N grown on:
(b) Pt with a good crystal orientation; (c) Mo with a large number of abnormal grains.

3.2. Dielectric Properties Measurement

We performed I−V and C−F tests on Pt samples. The scanned voltage from the I-V
test does not exceed the coercivity field of the film in order to observe the leakage current
of the device. The leakage current of the Pt sample is small as can be seen in Figure 5a. The
currents in the positive and negative directions are not symmetrical, which is caused by the
Schottky contact between Pt and AlScN and the ohmic contact between Al and AlScN. [22]
As shown in Figure 5b, in the C-F test, the frequency was scanned from 1 kHz to 5 MHz,
the measured capacitance value increased from 10 pF to 18 pF, and the area of the device
under the test was 4 × 10−4 cm2.

Figure 5. Al0.7Sc0.3N with Pt as the bottom electrode. (a) I−V curve with voltage scanning from 0 V
to 50 V and then returning to 0 V, similar in the negative direction. (b) The C−F scan goes from 1 kHz
to 5 MHz and back.
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3.3. Effect of Different Electrodes on P-E Ferroelectric Hysteresis

As shown in Figure 6a,b, AlScN has typical ferroelectric properties. The maximum
applied drive voltage ranges from 50 V to 82 V in steps of 4 V. The maximum voltage
of the Pt sample was only up to 78 V. The sample was broken down after the voltage
was increased to 84 V, whereas the Mo sample was broken down at 78 V. As can be seen
from the hysteresis loop, the coercive field is approximately 3 MV/cm. However, the
samples with two different bottom electrodes show completely different leakage behavior.
The Al0.7Sc0.3N films grown on Mo have a large leakage current during the negative
polarization. We speculate that this is due to the poor crystal quality and the huge amount
of abnormal orientation grains, as the SEM image shows. Comparatively, the Pt sample
also exhibits current asymmetry, but very weakly. The remanent polarizations of the
two samples obtained from the hysteresis line test were approximately 100 µC/cm2 and
350 µC/cm2, respectively.

Figure 6. Hysteresis lines of Al0.7Sc0.3N on two electrodes at different voltages. (a) Pt samples,
with maximum remanent polarization, were approximately 100 µC/cm2 and (b) Mo samples were
approximately 350 µC/cm2.

In order to further analyze this leakage behavior, we measured the hysteresis loops
at different frequencies and set the drive voltage just beyond the coercive field. For the Pt
sample, ignoring the “gap” caused by electrode asymmetry, the P-E curves in the range of
1 K to 10 K show near standard ferroelectricity, as shown in Figure 7. When the frequency
reaches 10 K, there is almost symmetry. However, the P-E curve of the Mo sample is not so
good. Although the frequency is increased to a relatively high level so that the polarization
does not switch repeatedly, it still exhibits significant asymmetry.

Figure 7. The hysteresis P-E loops with different frequencies of the Al0.7Sc0.3N on (a) Pt—as the
frequency increases, the polarization flips incompletely and gradually becomes symmetrical—and
(b) Mo—always asymmetrical.
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Since the Mo sample exhibited asymmetry, we swapped the drive and sense terminals
and obtained the electrical response as shown in Figure 8a. The maximum voltage applied
was 50 V, which does not exceed the coercivity field, so the resulting current contains only
the leakage current component and not the polarization current. The results show that
there is a large leakage current of 1 mA in the negative direction only. Such a phenomenon
could be attributed to different electrode materials, as well as asymmetric polarization
hysteresis. Once the driving voltage exceeds the coercive field, the large leakage current on
the Mo sample causes the hysteresis loop to completely deform, as illustrated in Figure 7b.

In Figure 8b, the peak currents of negative polarization at different frequencies are
compared by extracting at 60 V. The measured current of the Mo sample is around 8 mA at
a 1 kHz frequency, while showing currents over two times that of the Pt at all frequencies.
Such a large leakage current will make the Mo electrode sample easier to break down
when its polarization is reversed. On the other hand, the large leakage current makes it
possible to output a stronger signal during polarization reversal, which greatly reduces the
possibility of a loss of reading.

Figure 8. (a) Switching current with top and bottom drive under maximum 50 V triangle driving
voltage. (b) The maximum voltage current as a function of driving frequency with the maximum
voltage set to 60 V.

3.4. PUND Test to Obtain the Remanent Polarization

A PUND test was performed to further analyze the ferroelectric properties of Al0.7Sc0.3N
on both metals. As mentioned earlier, the main conditions that can be changed in the
PUND test are Vmax, pulse width and pulse delay. Vmax just needs to be large enough to
ensure that the polarization can switch. Therefore, we only changed the pulse width and
pulse delay to see how the remanent polarization of the device changes.

First, Vmax was set to 60 V, pulse width to 0.5 ms, pulse delay to 10 ms and each test
was subjected to 20 repetitions of the experiment, as shown in Figure 9a,b. An interesting
phenomenon appears here: the remanent polarization in the negative direction of the Pt
sample is larger for the first few times of the power-up test after resting at one end of
the time, and then gradually decreases and stabilizes. This may be due to some parasitic
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parameters, which are subject to further analysis. In addition, the remanent polarization
of the Pt sample is around 200 µC/cm2 in the positive direction and 260 µC/cm2 in the
negative direction, a difference brought about by the Schottky contact between Pt and
AlScN. The polarization of the Mo sample is very large, more than twice that of the
Pt sample in both the positive and negative directions, which is in agreement with the
polarization current pattern recorded earlier.

Figure 9. PUND measurements under different conditions. Repeat test at fixed Vmax = 60, V, pulse
width = 0.5 ms and pulse delay = 10 ms: (a) Pt and (b) Mo. Vmax and pulse width were kept constant:
60 V and 0.5 ms, pulse delay set to 1, 10, 100, 1000 and 10,000 ms. (c) Pt and (d) Mo. Pulse width was
taken as 0.5, 0.25, 0.125, 0.625 and 0.05 ms. In addition, Vmax = 60 V, pulse delay = 1 ms. (e) Pt and
(f) Mo. Distribution of PUND results for different samples at pulse wide was 0.5 ms, pulse delay
changed from 1 ms to 10,000 ms, (g) Pt and (h) Mo.
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Then, the test was performed with different pulse widths. The Vmax and pulse delay
were set to 60 V and 1 ms, respectively, and the pulse width was taken as 0.5, 0.25, 0.125,
0.625 and 0.05 ms. It can be seen in Figure 9c,d that the remanent polarization increases
with increasing pulse width for both samples. At small pulse widths, it is not enough to
support a complete flip of polarization, resulting in a decrease in the remanent polarization
value. Therefore, devices utilizing the ferroelectricity of AlScN thin films require a special
design when setting the operating frequency. The remanent polarization, leakage currents
and breakdown voltage, as well as the retention of the ferroelectricity, should be taken into
account during the device and architecture design.

Finally, the Vmax and pulse width were kept constant and tested at pulse delays of 1, 10,
100, 1000 and 10,000 ms, respectively. It can be seen that the Pt sample results are smooth
with no significant change, which is basically the same as the previous test. The remaining
polarization value in the positive direction of the Mo sample also has no significant change,
whereas the value in the negative direction gradually increases, as shown in Figure 9e,f. This
means that the Mo sample has a larger polarization loss in the negative direction, which also
corresponds to a larger leakage current in the negative direction. Therefore, AOGs on the
film surface perpendicular to the c-axis can greatly compromise the ferroelectric properties.
Moreover, multiple samples were tested to observe whether there is good consistency, as
shown in Figure 9g,h. It can be seen that the negative polarization fluctuation of the Mo
sample is slightly larger, and other points float in a small range.

Therefore, the abnormal grain orientation may seriously affect the ferroelectric prop-
erties of the films. It is possible that the abnormal grain orientation changes the original
wurtzite structure near the interface between the metal and dielectric, and then affects the
polarization properties of the film. From the test results, this effect is unidirectional and
will greatly change the polarization characteristics in one direction. It can be reasonably
speculated that, in addition to Mo, other metal materials may also bring different effects,
which is worthy of further experimental verification.

4. Conclusions

In this paper, we analyzed the correlation between the ferroelectricity of aluminum
scandium nitride and bottom metal electrodes. On one hand, the difference in crystal
orientation of films grown on Pt or Mo metals will affect the ferroelectric properties.
On the other hand, the inherent contact barrier between metal and dielectric materials
will also affect ferroelectricity. The direction of driving voltage and frequency will also
lead to different phenomena. After solving the problem of the leakage current, the high
remnant polarization of more than 100 µC/cm2 and coercive field of 3 MV/cm exhibited
by Al0.7Sc0.3N films with good quality are suitable for ferroelectric memory devices. In
FeRAM or FeFET, a high remnant polarization value can increase the storage density, while
a suitable coercivity field can meet the storage window at a thin thickness. With further
development, AlScN is expected to be widely used in commercial memory devices, as well
as tunable RF applications.
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Abstract: Thin film through-thickness stress gradients produce out-of-plane bending in released
microelectromechanical systems (MEMS) structures. We study the stress and stress gradient of
Al0.68Sc0.32N thin films deposited directly on Si. We show that Al0.68Sc0.32N cantilever structures real-
ized in films with low average film stress have significant out-of-plane bending when the Al1−xScxN
material is deposited under constant sputtering conditions. We demonstrate a method where the
total process gas flow is varied during the deposition to compensate for the native through-thickness
stress gradient in sputtered Al1−xScxN thin films. This method is utilized to reduce the out-of-plane
bending of 200 µm long, 500 nm thick Al0.68Sc0.32N MEMS cantilevers from greater than 128 µm to
less than 3 µm.

Keywords: aluminum scandium nitride; physical vapor deposition; stress; stress gradient; fabrication;
cantilever beams; MEMS

1. Introduction

Microelectromechanical System (MEMS) structures are utilized to form cantilevers
for sensors [1,2], resonators [3], and piezoelectric energy harvesters [4]. In piezoelectric
energy harvesters [4] and micro-accelerometers [5], the properties of the cantilevers and
their geometric limits directly impact device performance. The amount of deformation
in cantilever beams and other structures depends on the growth technique utilized and
material selection.

Aluminum Nitride (AlN) is a piezoelectric material commonly selected for the fabri-
cation of vibrating MEMS structures. In 2009, it was determined that alloying AlN with
scandium (Sc) can increase the piezoelectric coefficients by 500% [6]. AlN and Aluminum
Scandium Nitride (Al1−xScxN) films deposited using Molecular Beam Epitaxy (MBE) or
metal-organic Chemical Vapor Deposition (MOCVD) demonstrate exceptional film quality
and high electromechanical coupling (kt

2) but require processing at high temperature [7,8]
and exhibit challenges due to stress gradients in the epi layers and complications in the
releasing of structures at the end of the fabrication process [8]. For example, Park et al. [8]
developed MBE Al1−xScxN Lamb wave resonators at super high frequencies directly on
Silicon with acoustic velocities of 14,000 m/s and kt

2 of 7.2%, but compressive film stresses
produced buckling in the released films [9].

Sputtering is a Physical Vapor Deposition (PVD) method used to produce semi-
conformal films of controlled thickness with high deposition rates at low substrate tempera-
tures for realizing MEMS devices. During sputter deposition, ions accelerate and bombard
a target removing atoms to be deposited on the wafer. There are numerous collisions that
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impact the mean free path of atoms and which control coverage on all surfaces. These
processes also introduce stresses within the resulting film [10,11]. Reush et al. grew 001
polycrystalline AlN films using reactive RF magnetron sputtering directly on Silicon [7].
During growth, differences in grain size induced forces between grains at the grain bound-
aries. The increase in grain size with increasing thickness produced an intrinsic stress
gradient through the thickness caused by zone T growth [12] and self-shadowing [6,13].
Knisely et al. determined that stress gradients in AlN film growth were a result of film
growth stress, nucleation, and coalescence [14]. Knisely [14] further demonstrated a method
to control both the stress and through-thickness stress gradient in AlN thin films using
radio frequency (RF) substrate bias power modeled using a power law function. Introduc-
tion and further increases in RF substrate bias power during the sputtering of AlN based
materials results in films with more compressive stress [14]. For Al1−xScxN films with high
Sc substitution for Al, the resulting average film stress is often compressive [3,15] without
the introduction of an RF substrate bias, especially when optimizing for low anomalously
oriented grain (AOG) growth. Thus, it may not be possible to utilize RF substrate bias
to simultaneously optimize for low average film stress and low through-thickness stress
gradient in highly Sc alloyed AlN thin films.

Several stress and stress control techniques have been produced for MEMS devices.
Pulskamp et al. mitigated the stress and stress gradient in sol-gel Lead Zirconium Ti-
tanate (PZT) multi-layer MEMS devices by altering the silane flow rates, annealing the
top layer Platinum (Pt), and adjusting the film thickness [16]. For the 0.5 µm devices, a
Titanium/Platinum 651 MPa (Ti/Pt) adhesive layer produced a stress of 35 MPa in the PZT
with displacements of −250 µm [16]. Characterizing the released structures with analytical
modeling and controlling process variability during growth further characterized the stress
within these films [16]. Devices such as RF switches, accelerometers, and optical mirrors are
very sensitive to the stress and stress gradient [9,17]. Sedky et al. developed these MEMS
devices with p-type Silicon Germanium (SixGe1−x) using low pressure chemical vapor
deposition (LPCVD) [17]. The stress was optimized by modifying the Se concentration
from 40% to 90%, tuning the pressure from 650 mtorr to 800 mtorr, and controlling the
deposition temperature to be between 400 and 450 ◦C. The stress gradient was reduced with
a laser annealing technique which reduced stress from 125 MPa to 25 MPa and deflections
from 118 µm to 5 µm [17]. Zhu determined the stress was caused by variations in film
growth resulting in uneven grains and nonuniform boundaries [18]. When Aluminum
Nitride (AlN) and Ruthenium (Ru) is sputtered to fabricate MEMS resonators, a folded
beam design was used to limit deflection [18]. Mulloni et al. used similar clamped-clamped
and single-clamped cantilever designs for Gold microstructure using electrodepositing [19].
The clamped-clamped released structures were more sensitive to stress variations than
the single-clamped design [19]. Depending on the desired bending, the release temper-
ature was reduced to limit stress which increased fabrication time [19]. These methods
including temperature control, thickness variation, process control, laser annealing, design
alterations, and pressure tuning show promise in reducing stress and stress gradients in
other material systems.

Previous studies have explored methods using total N2 process gas flow to control
average Al1−xScxN film stress [3,20,21]. These studies show that total process gas flow
and the process gas mixture have a significant impact on the crystallinity, defects, and
stress of sputter-deposited Al1−xScxN films [3,20,21]. Al1−xScxN films with a high degree
of crystallinity and few defects require long mean free path and thus low process pressures.
Sputtering Al1−xScxN at low process pressure in a pure N2 environment improves c-
axis orientation and decreases surface roughness [3]. Increases in N2 flow increases ion
scattering, reduces ion mean free path (MFP) and increases average film stress [20–22]. A
method to suppress the stress gradients which produce out-of-plane bending while holding
Sc concentration constant, maintaining film quality, and minimizing average stress has
not been established for Al1−xScxN thin film materials. We previously demonstrated that
500 nm thick Al0.68Sc0.32N materials, free of AOGs, with low surface roughness and strong
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c-axis orientation, could be sputter-deposited on Si with a controlled average film stress
ranging from −458 to 287 MPa, by controlling N2 flow between 20–30 sccm [3]. Here we
provide a novel method that demonstrates both low average film stress and low through-
thickness film stress gradient simultaneously by varying the N2 flow within the 20–30 sccm
range during the deposition of Al0.68Sc0.32N. Furthermore, we demonstrate the utility of
this method by fabricating Al0.68Sc0.32N MEMS cantilevers with low out-of-plane bending.

Al1−xScxN with high Sc alloying is a promising piezoelectric material for MEMS radio
frequency (RF) filtering [3], energy harvesting [4], and sensing [23,24] devices because of its
demonstrated high figure of merit [2] for each of these application areas. Piezoelectric RF
bulk acoustic wave (BAW) resonator filters can often be implemented as anchored plates
with extremely high out-of-plane bending stiffness. Such an implementation allows the
realization of high-performance BAW resonators and filters using Al1−xScxN materials
with high through-thickness stress gradient [3]. By contrast, high performance energy har-
vesters [4] and piezoelectric sensors [24,25] often require implementations using compliant
cantilever [24] and clamped-guided beams [25] with low out-of-plane bending stiffness. In
these devices, large film through-thickness stress gradients and the resulting out-of-plane
bending can cause a significant degradation of the on-axis sensitivity and a corresponding
increase in the cross-axis sensitivity. In addition, high out-of-plane bending complicates
wafer level packaging (WLP) of MEMS devices because the packaging cavity must be able
to accommodate the out-of-plane bending displacement. Therefore, if high performance
Al1−xScxN materials are to be utilized in sensing and energy harvesting applications it is
imperative to achieve low through-thickness stress gradient for the Al1−xScxN film and
low out-of-plane bending for the MEMS structures implemented with the Al1−xScxN film.

2. Background and Theory
2.1. Average Film Stress Measurement

Once released from a substrate, as is common in MEMS processing, films will relax
their built-in stress, which can lead to undesired deformation and/or buckling. Thus,
knowing the stress in each layer of a MEMS process is vitally important. The average film
stress is computed by measuring the wafer’s radius of curvature with a profilometer and
subsequently using the Stoney equation [3,14,20,26,27]. To separate the various components
leading to bending of the substrate, the radius of curvature is measured both before,
R0, and after, R, the deposition of each film, allowing the built-in stress of each layer,
Tf,BI, [3,14,20,26,27] in a process to be isolated

Tf,BI =
1
6

Ys

(1− vs)

t2
s

tf

(
1
R
− 1

R0

)
(1)

where Ys, vs and ts are the Young’s Modulus, Poisson’s ratio, and thickness of the substrate
respectively, and tf is the thickness of the film.

2.2. Relationship between the Total Process Gas Flow and the Resulting Film Stress

Knisely [14] introduced a model describing the power law relation between the RF
substrate bias and the resulting AlN film stress. For a fixed Sc alloy this power law equation
can be adapted to instead describe the total Al1-xScxN films stress Tave as a function of N2
process gas flow

Tave = α
(
β(tf)

γ + FN2

)
(2)

where α is determined from the slope of the stress versus N2 gas flow, FN2 is the N2 gas
flow in the chamber, and β and γ are empirical fits based on the deposition parameters
and environment. Similar to Knisely [14] we implement a film that utilizes multiple layers
deposited under different sputtering gas conditions where the average film stress of each
layer is used to compensate for the through-thickness stress gradient. Where Knisely [14]
utilizes a different RF substrate bias to control the stress of each AlN layer, we utilize a
different N2 flow to control the stress of each Al0.68Sc0.32N layer. The layer film stress, tf,

127



Micromachines 2022, 13, 1169

based on the thickness and N2 flow of the layer is derived from integrating the average
film stress [14] and is given by

Tf
(
t, FN2

)
= α

(
β(1 + γ)(tf)

γ − FN2,n
)

(3)

where FN2 is the constant flow applied to the layer and t is the thickness of the layer.
Equation (3) can be used to calculate the layer stresses needed to compensate for the
through-thickness stress gradient within the film. The stress gradient is calculated from
the average stress measurements taken from different wafers deposited using identical
deposition process parameters and at varying AlScN thicknesses. Equation (3) is then used
to interpolate between the experimental measurements of films with different thicknesses
to find the through-thickness stress gradient.

3. Experimentation Details

The average stress through the thickness of the film is evaluated using the methods
described in Section 2.1. The slope of the stress versus FN2 curve, α, is determined using
a linear fit to the measured stress data. The local stress of each individual layer required
to compensate for the through-thickness stress gradient is calculated using Equation (3).
Cantilevers with a width of 50 µm and a length of 200 µm are realized in 500 nm thick
Al0.68Sc0.32N films with out-of-plane displacements measured from the difference between
the anchor and beam tip heights. The Al1−xScxN cantilever fabrication is shown in Figure 1
and begins with deposition of Al0.68Sc0.32N on 100 mm p-type (100) Si wafers in an Evatec
CLUSTERLINE® 200 II Physical Vapor Deposition System in steps (a) and (b). Table 1 sum-
marizes the DC reactive co-sputtering parameters used to deposit the Al0.68Sc0.32N films.
The Al1−xScxN films are deposited on a 15 nm thick AlN seed layer and a 35 nm thick gra-
dient seed layer (Al1→0.68Sc0→0.32N) where the Sc alloying ratio is linearly varied through
the thickness from 0 to 32%. This seed and gradient layer was previously demonstrated to
suppress anomalously oriented grains while maintaining crystal quality [3]. The crystal
quality characterized in a previous study using the full width half maximum (FWHM)
of a rocking curve omega-scan showed a FWHM of 2.18◦ with the seed layer and 2.23◦

without the seed layer for films of 500 nm total (film plus seed) thickness. In step (c) Plasma
Enhanced Chemical Vapor Deposition (PECVD) Silicon Nitride (SiN) is deposited and pat-
terned using CF4 reactive ion etching (RIE) to form a hard mask for Al1−xScxN etching. In
step (d) aqueous Potassium Hydroxide (KOH in 45% H2O) at 45 ◦C for 100 s is used to etch
the Al1−xScxN and define the cantilever dimensions with SiN protecting the Al1−xScxN
film where etching is undesired. Finally, in step (e) the SiN hard mask is stripped using CF4
RIE and the Al1−xScxN cantilevers are released from the substrate using isotropic XeF2 dry
etching. After release, the cantilever out-of-plane deflection is measured using a VHX-5000
Digital Microscope Multiscan.

Table 1. Summary of sputter deposition parameters for Al0.68Sc0.32N.

Process Parameter Value

Temperature 350 ◦C
Sputter Power Al Cathode 1000 W
Sputter Power Sc Cathode 555 W

DC Pulsing Frequency 150 kHz
N2 Flow 20–30 sccm

Film Thickness 100–1000 nm
Base Pressure <3 × 10−7 mbar
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Figure 1. Fabrication process for realizing Al1−xScxN cantilevers with (a) p-type (100) Si wafer
(b) Al1−xScxN deposition using Evatec CLUSTERLINE® 200 II PVD system (c) PECVD SiN deposition
and patterning using CF4 RIE (d) KOH in 45% H2O etch of Al1−xScxN (e) SiN hard mask stripped
using CF4 RIE and Al1−xScxN cantilevers released using isotropic XeF2 dry etching.

4. Results and Discussion
4.1. Through-Thickness Stress Gradients in Sputtered Al1−xScxN films

During film growth, stresses due to lattice mismatch, intrinsic strains and microstruc-
ture produces tensile and compressive stresses. The average stress of a sputtered Al1−xScxN
film is strongly correlated to the value of the chamber pressure during deposition [3]. At
25 sccm process gas flow, the sputtering chamber will be at a near constant pressure of
1.09 × 10−3 mbar. At 25 sccm pure N2 flow, when Al0.68Sc0.32N is deposited to a final
thickness of 500 nm, the average stress within the film will be approximately 137 MPa. The
average film stress vs. thickness for Al0.68Sc0.32N films deposited under 25 sccm pure N2
flow using the process conditions in Table 1 is provided in Figure 2a. The average film stress
is a strong function of the final film thickness due to the through-thickness stress gradient
of the films. The through-thickness stress gradient can be modeled using Equation (2) in
conjunction with the data in in Figure 2a where α is 41.12, β is 6.6522, and γ is 0.2194. α is
determined using a linear fit of the measured average stress versus flow data shown in
Figure 2b. In Figure 2a, the stress starts highly compressive and becomes more tensile as
the thickness of the film increases. At lower film thicknesses, the microstructure of the film
continuously changes and the grain size increases with increasing film thickness. As the
thickness increases, the columnar growth of the film is more stable causing the through-
thickness stress gradient to reduce and the average film stress to asymptote towards a
constant value with further increases in thickness. These trends are clearly observable in
Figure 2a.

129



Micromachines 2022, 13, 1169

Micromachines 2022, 13, x FOR PEER REVIEW 6 of 13 
 

causing the through-thickness stress gradient to reduce and the average film stress to as-
ymptote towards a constant value with further increases in thickness. These trends are 
clearly observable in Figure 2a. 

 
Figure 2. Average stress plots of PVD deposited Al0.68Sc0.32N films with (a) Average stress versus 
thickness plot at a constant 25 sccm N2 flow and (b) Average stress versus flow for 500 nm 
Al0.68Sc0.32N with pure N2 flow from 20-30 sccm [3]. 

4.2. Out-of-Plane Cantilever Deflection in Uncompensated Al1−xScxN Materials 
Low average stress (membranes) and low through-thickness stress gradient (cantile-

vers) are critical for realizing high yield MEMS structures with low out-of-plane bending. 
The multilayer stress and stress gradient compensation approach reported in this paper 
can be utilized to simultaneously achieve low average stress and low through-thickness 
stress gradient. Table 2 provides a summary of the various flow conditions and the result-
ing stress and out-of-plane cantilever deflections. While low average stress is achievable 
in all films, only a multi-layer Al1−xScxN achieves the low through-thickness stress gradient 
required to realize cantilevers with low out-of-plane bending. The compressive-to-tensile 
stress gradient through the Al1−xScxN film thickness results in a high degree of out-of-
plane bending in uncompensated Al1−xScxN films. A Z-axis microscope is used to measure 
the tip deflection with the anchor as the z = 0 reference. Figure 3 provides SEM images of 
the high out-of-plane bending in Al0.68Sc0.32N cantilevers deposited with a constant flow of 
25 sccm. 

 
 

Figure 2. Average stress plots of PVD deposited Al0.68Sc0.32N films with (a) Average stress ver-
sus thickness plot at a constant 25 sccm N2 flow and (b) Average stress versus flow for 500 nm
Al0.68Sc0.32N with pure N2 flow from 20–30 sccm [3].

4.2. Out-of-Plane Cantilever Deflection in Uncompensated Al1−xScxN Materials

Low average stress (membranes) and low through-thickness stress gradient (can-
tilevers) are critical for realizing high yield MEMS structures with low out-of-plane bending.
The multilayer stress and stress gradient compensation approach reported in this paper can
be utilized to simultaneously achieve low average stress and low through-thickness stress
gradient. Table 2 provides a summary of the various flow conditions and the resulting stress
and out-of-plane cantilever deflections. While low average stress is achievable in all films,
only a multi-layer Al1−xScxN achieves the low through-thickness stress gradient required
to realize cantilevers with low out-of-plane bending. The compressive-to-tensile stress
gradient through the Al1−xScxN film thickness results in a high degree of out-of-plane
bending in uncompensated Al1−xScxN films. A Z-axis microscope is used to measure the
tip deflection with the anchor as the z = 0 reference. Figure 3 provides SEM images of the
high out-of-plane bending in Al0.68Sc0.32N cantilevers deposited with a constant flow of
25 sccm.
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Table 2. Cantilever tip deflection for 500 nm Al0.68Sc0.32N with and without stress gradient compensation.

# of Layers
Single Double Quintuple

N2 Flow [sccm] 25 30/20 30/27.5/25/23.5/20
Average Stress [MPa] 137.4 349.6 78.6

Seed Layer Yes Yes No

Wafer Location Device Position Out-of-Plane Deflection [µm]

Center
1 115.2 +/− 1.2 −3.2 +/− 0.1 −5.8 +/− 0.4
2 108.6 +/− 4.2 −0.7 +/−0.2 −7.6 +/− 0.4
3 117.1 +/− 0.9 0.0 +/− 0.1 −4.0 +/−0.4

North
1 50.1 +/− 0.1 0.9 +/− 0.3 7.4 +/− 0.4
2 121.0 +/− 0.7 −1.4 +/− 0.2 −7.7 +/− 0.3
3 145.9 +/− 0.2 −2.8 +/− 0.8 −20.0 +/− 0.1

Northeast
1 125.1 +/− 0.3 −7.0 +/− 0.2 −15.6 +/− 0.4
2 49.3 +/− 0.1 −4.0 +/− 0.1 −21.1 +/− 0.6
3 120.6 +/− 0.4 0.1 +/− 0.1 −0.9 +/− 0.3

East
1 128.9 +/− 0.9 0.9 +/− 0.2 −20.9 +/− 1.9
2 126.9 +/− 42 6.2 +/− 0.2 6.4 +/− 0.2
3 60.3 +/− 0.6 6.6 +/− 0.1 22.0 +/− 0.2
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Figure 3. Graphics for a 500 nm PVD sputter-deposited Al0.68Sc0.32N film where the N2 process gas 
flow is held constant through the entire deposition, (a) 45-degree SEM image of center die (C) fab-
ricated from a 100 mm wafer. Each die has 8 released structures which are labeled. Note the high 
out-of-plane deflection that is clearly visible in the uncompensated structures. (b) Schematic of lo-
cations on the 100 mm wafer where a die is pulled 35 mm from the center for imaging and measuring 
out-of-plane displacements. One die was pull from the north (N), northeast (NE), east (E), southeast 
(SE), south (S), southwest (SW), west (W), and northwest (NW) locations of the wafer (c) Stack-up 
of film with constant flow composed of a seed layer, gradient seed layer (Al1→0.68Sc0→0.32N) [3] and 
Al0.68Sc0.32N layer. 

Figure 3. Graphics for a 500 nm PVD sputter-deposited Al0.68Sc0.32N film where the N2 process
gas flow is held constant through the entire deposition, (a) 45-degree SEM image of center die (C)
fabricated from a 100 mm wafer. Each die has 8 released structures which are labeled. Note the
high out-of-plane deflection that is clearly visible in the uncompensated structures. (b) Schematic of
locations on the 100 mm wafer where a die is pulled 35 mm from the center for imaging and measuring
out-of-plane displacements. One die was pull from the north (N), northeast (NE), east (E), southeast
(SE), south (S), southwest (SW), west (W), and northwest (NW) locations of the wafer (c) Stack-up of
film with constant flow composed of a seed layer, gradient seed layer (Al1→0.68Sc0→0.32N) [3] and
Al0.68Sc0.32N layer.
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Figure 4 shows top view SEM images of cantilevers fabricated from Al0.68Sc0.32N films
from across a 100 mm wafer demonstrating that the residual stress gradient within the
film not only induces bending but also generates twisting and rotations within released
structures. The center of the wafer produces structures with minimal twisting while the
edge of the wafer produces significant twisting depending on the location of the die. The
twisting is due to the interaction of the through-thickness stress gradient with the radial
variation of the average stress across the 100 mm diameter wafer and is consistent with
previous studies [3] which exhibit more compressive average stresses at the wafer edge
and more tensile average stresses near the wafer center. If no stress compensation is
established, depending on the performance requirements for a MEMS device, the location
of the die on the wafer and the orientation of the released structures can lead to differences
in out-of-plane bending and twisting.
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Figure 4. (a–i) SEM images of cantilevers formed from 500 nm thick PVD Al0.68Sc0.32N films deposited
under a constant N2 flow of 25 sccm. Each die was pulled from the north (N), northeast (NE), east
(E), southeast (SE), south (S), southwest (SW), west (W), and northwest (NW) locations of the wafer
shown in Figure 3b.

4.3. Stress Gradient Compensated Al1−xScxN Films and Cantilevers

The through-thickness stress gradient is the primary source of out-of-plane bending
in released Al1−xScxN structures. To find the additional flow needed to compensate the
stress gradient, Equation (3) is used to estimate the local stress. At 25 sccm N2 flow, the
local stress within the first 15 nm after the seed layer has been deposited is approximated
to be −424 MPa using Equation (3). At 500 nm, the local stress is 276 MPa. A compensating
424 MPa in the initial layers, −276 MPa at the top of the film, and the appropriate opposing
stress gradient is required to compensate for the through-thickness stress gradient. Using
Figure 2b, at 20 and 30 sccm N2 flow, a 500 nm Al1−xScxN film will yield an average stress
of −450 and 317 MPa, respectively. We utilized Equation (3) to design a 2-layer stack
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deposited at 30 sccm (lower) and 20 sccm (upper) to compensate for the through-thickness
stress gradient. Figure 5 provides an SEM image of a 2-layer Al1−xScxN material where the
N2 flow is varied between layers to suppress the stress gradient and the resulting out-of-
plane bending in cantilevers. Here, 30 sccm N2 flow is utilized during the deposition of the
AlN seed, Al1−xScxN gradient layer, and the lower 225 nm of the bulk film while 20 sccm
N2 flow is utilized when depositing the upper 225 nm of the film stack. The approach
successfully compensates for the through-thickness stress gradient and reduces the out-of-
plane cantilever bending in the center of the wafer from 109 µm for the uncompensated
materials to less than 3 µm for cantilevers realized in the stress gradient compensated
2-layer material.
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Figure 5. Graphics for multi-layer 500 nm PVD sputter-deposited Al0.68Sc0.32N film where the N2

process gas flow is changed between two layers with 30 sccm utilized on the bottom and 25 sccm on
the top layer, (a) 45-degree SEM image of the center die (C) fabricated from a 100 mm wafer. Each
die has 8 released structures. (b) Stack-up of 2-layer film composed of a seed and gradient layer
(Al1→0.68Sc0→0.32N) [3] to suppress AOGs and two equal thickness layers with different N2 process
gas flows designed to compensate for the native through-thickness stress gradient.

Figure 6b displays a 5-layer Al0.68Sc0.32N stack used to compensate for the through-
thickness stress gradient. Since lower flows produce more compressive films while higher
flows produce more tensile films, a layer stack is utilized where for each consecutive 100 nm
layer, an additional 2.5 sccm of flow provides a tensile-to-compressive transition to cancel
the original compressive-to-tensile stress gradient through the thickness. For the 5-layer
material the N2 flow is varied over the range from 30 to 20 sccm to yield a low average
stress in addition to a low through-thickness stress gradient. After release, the cantilevers
remain consistently flat, as shown in Figures 6a and 7, especially when compared to
the cantilevers formed in the uncompensated films. The cantilevers in Figures 4–7 use
the same naming conventions depicted in Figure 3a,b. In Figure 6a the maximum tip
deflection is approximately 5.8 +/− 0.4 µm, −7.6 +/− 0.4 µm, and −4.0 +/− 0.4 µm when
measured from the 1, 2, and 3 positions, respectively. The 1, 2, and 3 structures exhibited
the same behavior and deflection as those directly across from them, namely cantilevers
5, 6, and 7. Table 2 compares the average wafer stress and cantilever tip deflection for the
uncompensated and stress gradient compensated Al0.68Sc0.32N materials. The out-of-plane
cantilever displacement for the 5-layer, low stress material at position 2 is reduced by
more than 14-fold for the center die and 19-fold for the east die 35 mm from the wafer
center. Overall, substantial reductions in out-of-plane tip displacement are observed for
all cantilevers fabricated in the stress gradient compensated films. The 5-layer film does
not have an AlN/gradient seed layer and possess a higher tip deflection than the 2-layer
film with seed layer. This is because the gradient in the N2 process gas flow was designed
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using the data from Figure 2 where all the films have the seed layer. Table 3 confirms
the precise control of the tip deflection by varying the range of N2 gas flow for a 2-layer
material stack. The range of gas flows controls the stress gradient while the mean N2 gas
flow controls the average stress within the film. In Table 3, a 2.5 sccm increase of the range
from 27.5–22.5 sccm to 30–22.5 sccm reduces the deflection 2-fold.
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Figure 6. Graphics for multi-layer 500 nm PVD sputter-deposited Al0.68Sc0.32N film, (a) 45-degree
SEM image of the center die (C) fabricated from a 100 mm wafer. (b) Stack-up with five equal thickness
layers with different N2 process gas flows to compensate for the through-thickness stress gradient.

Micromachines 2022, 13, x FOR PEER REVIEW 11 of 13 
 

 
Figure 7. Top view SEM images of cantilevers formed from a 5-layer, 500 nm total thickness, PVD 
deposited Al0.68Sc0.32N where the process gas flow for each layer is linearly changed from 30 to 20 
sccm through the five layers. Each die was pull from the north (N), northeast (NE), east (E), south-
east (SE), south (S), southwest (SW), west (W), and northwest (NW) locations of the wafer shown in 
Figure 3b. 

4.4. Discussion of Stress Gradient Cancellation Trends 
This work provides, for the first-time, methods to individually control the stress and 

stress gradient in Al1−xScxN films while maintaining film quality. Figure 8 shows the out-
of-plane displacement along the length of the cantilever for the uncompensated and 2- 
layer compensated Al0.68Sc0.32N materials while Table 3 summarizes the out-of-plane tip 
displacement. The compensated cantilever tip bending confirms that the radius of curva-
ture can be controlled in the released Al1−xScxN structures. The multilayer gas gradient 
method can be utilized to simultaneously and independently control both the average 
stress, via the average N2 flow, and through-thickness stress gradient, via the through-
thickness variation of the N2 flow, in Al1−xScxN thin films. Previously reported methods to 
control Al1−xScxN average film stress do not provide control of the through-thickness stress 
gradients within the film. While the previous RF substrate bias method reported by Knis-
ley [14] achieved independent control of stress and through-thickness stress gradient in 
AlN films and demonstrated reduced radius of curvature and tip displacement in AlN 
cantilevers, use of an RF substrate bias is less suitable for Al1−xScxN. Addition of an RF 
substrate bias results in more compressive film stress and is a good technique for stress 
control of AlN where the films are highly tensile without an RF substrate bias [14]. 
Al0.68Sc0.32N, by contrast, is highly compressive when deposited at the low process pres-
sures that suppress formation of anomalously oriented grains (AOGs) without using an 
RF substrate bias [3]. Thus, addition of an RF substrate bias to an Al0.68Sc0.32N growth will 
require even higher process pressures to achieve near-neutral average film stress, and un-
der such process conditions a large number of AOGs would be expected. 

Figure 7. Top view SEM images of cantilevers formed from a 5-layer, 500 nm total thickness, PVD
deposited Al0.68Sc0.32N where the process gas flow for each layer is linearly changed from 30 to 20 sccm

134



Micromachines 2022, 13, 1169

through the five layers. Each die was pull from the north (N), northeast (NE), east (E), southeast (SE),
south (S), southwest (SW), west (W), and northwest (NW) locations of the wafer shown in Figure 3b.

Table 3. Cantilever tip deflection for a die near the center of a 500 nm Al0.68Sc0.32N film with AlN
and Sc gradient (Al1→0.68Sc0→0.32N) seed layers.

N2 Flow [sccm] 25 27.5/22.5 30/22.5 30/20

Seed Layer Yes Yes Yes Yes

Device
Position Out-of-Plane Deflection [µm]

1 115.2 +/− 1.2 60.8 +/− 0.1 24.1 +/− 0.1 −3.2 +/− 0.1
2 108.6 +/− 4.2 55.0 +/− 0.1 28.2 +/− 1.2 −0.7 +/− 0.2
3 117.1 +/− 0.9 51.4 +/− 0.3 30.5 +/− 0.4 −0.0 +/−0.1

4.4. Discussion of Stress Gradient Cancellation Trends

This work provides, for the first-time, methods to individually control the stress and
stress gradient in Al1−xScxN films while maintaining film quality. Figure 8 shows the
out-of-plane displacement along the length of the cantilever for the uncompensated and
2-layer compensated Al0.68Sc0.32N materials while Table 3 summarizes the out-of-plane tip
displacement. The compensated cantilever tip bending confirms that the radius of curvature
can be controlled in the released Al1−xScxN structures. The multilayer gas gradient method
can be utilized to simultaneously and independently control both the average stress, via the
average N2 flow, and through-thickness stress gradient, via the through-thickness variation
of the N2 flow, in Al1−xScxN thin films. Previously reported methods to control Al1−xScxN
average film stress do not provide control of the through-thickness stress gradients within
the film. While the previous RF substrate bias method reported by Knisley [14] achieved
independent control of stress and through-thickness stress gradient in AlN films and
demonstrated reduced radius of curvature and tip displacement in AlN cantilevers, use of
an RF substrate bias is less suitable for Al1−xScxN. Addition of an RF substrate bias results
in more compressive film stress and is a good technique for stress control of AlN where
the films are highly tensile without an RF substrate bias [14]. Al0.68Sc0.32N, by contrast, is
highly compressive when deposited at the low process pressures that suppress formation
of anomalously oriented grains (AOGs) without using an RF substrate bias [3]. Thus,
addition of an RF substrate bias to an Al0.68Sc0.32N growth will require even higher process
pressures to achieve near-neutral average film stress, and under such process conditions a
large number of AOGs would be expected.
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5. Conclusions

This study reports methods to fabricate Al0.68Sc0.32N films and cantilevers with low
average stress and with low through-thickness stress gradients. Al1−xScxN films were
optimized to control stress for N2 flows between 20 to 30 sccm. The average stress within
the films ranged from 78.6 MPa to 349.6 MPa. The out-of-plane tip deflection for 100 µm
long cantilevers fabricated in 500 nm thick Al0.68Sc0.32N films was reduced from >109 µm
for films without stress gradient compensation to less than 3 µm and 8 µm for 2- and 5-layer
compensated film stacks for dies studied in the wafer center. The resulting deposition
parameters provide methods to control stress and through-thickness stress gradients in
highly Sc alloyed AlN materials and are promising for next-generation MEMS devices.
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Abstract: Piezoelectric micromirrors with aluminum nitride (AlN) and aluminum scandium nitride
(Al0.68Sc0.32N) are presented and compared regarding their static deflection. Two chip designs with
2 × 3 mm2 (Design 1) and 4 × 6 mm2 (Design 2) footprint with 600 nm AlN or 2000 nm Al0.68Sc0.32N
as piezoelectric transducer material are investigated. The chip with Design 1 and Al0.68Sc0.32N has a
resonance frequency of 1.8 kHz and a static scan angle of 38.4◦ at 400 V DC was measured. Design
2 has its resonance at 2.1 kHz. The maximum static scan angle is 55.6◦ at 220 V DC, which is the
maximum deflection measurable with the experimental setup. The static deflection per electric field
is increased by a factor of 10, due to the optimization of the design and the research and development
of high-performance piezoelectric transducer materials with large piezoelectric coefficient and high
electrical breakthrough voltage.

Keywords: AlN; AlScN; aluminum nitride; aluminum scandium nitride; micromirror;
microscanner; piezoelectric

1. Introduction

Micromirrors as scanning devices are reported intensively in literature with different
electromechanical transducer principles. They are mostly classified into the electrostatic,
electrothermal, electromagnetic, and piezoelectric micromirrors [1–5]. The piezoelectric
transducer principle offers the advantages of high deflections at moderate excitation volt-
ages and high dynamic ranges. Furthermore, a high degree of miniaturization and the
monolithic integration of actuators and sensor elements is possible. In addition to the
commonly used transducer material, lead zirconate titanate (PZT), piezoelectric AlN, and
AlScN thin films can alternatively be used as piezoelectric transducers for actuation. Since
2018, several AlN and AlScN-based micromirrors have been presented. Shao et al. [6]
presented the first AlN-based micromirror. The microsystem with a 0.2 × 0.2 mm2 mirror
plate area and L-shaped bending actuators reached a resonant scan angle of 4◦ at 5 V
and 63.3 kHz. Since then, further publications on AlN-based micromirrors have followed.
Since June 2019, our preliminary work [7,8] includes resonantly operated 1D micromirrors
with a 600 nm AlN film, a mirror plate length of 0.8 mm, and a chip size of 2 × 3 mm2.
Large scan angles of up to 137.9◦ at 20 V and 3.4 kHz were reached in air. In October 2020,
two 2D micromirror designs with a footprint of 2 × 2 mm2 and mirror plate diameter
of 0.7 mm were developed to realize Lissajous and spiral scan trajectories [9]. For the
Lissajous scanning design, a scan angle of 92.4◦ at 12,060 Hz and 123.9◦ at 13,145 Hz was
reached at 50 V for the x- and y-axis, respectively. The spiral scanning design reached
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a scan angle of 91.2◦ at 13,834 Hz and 50 V. In 2021, a 2D circular-scanning AlN-based
mircomirror with a large aperture of 7 mm for laser material processing was published
by Senger et al. [10]. In air, a scan angle of 5◦ is reached at 40 V and 1265 Hz. Due to the
application, no large deflection angles were specified. In order to achieve higher deflections
with larger mirror apertures, vacuum packaging is often used in literature. A wobbling
mode AlN-scanner for automotive applications was published in October 2019 by Pensala
et al. [11]. The microsystem with an aperture of 4 mm and 6.75 × 6.75 × 2 mm3 chip size
reached a scan angle of 30◦ at 1 V and 1.6 kHz by the implementation of a vacuum package.
In 2020, Senger et al. [12] also presented a vacuum-packaged AlN-based micromirror with
a 5.5 mm aperture. A Lissajous scan pattern with 50◦ × 20◦ scan angle was realized.

The previously mentioned micromirrors are exclusively driven in resonance to achieve
sufficiently large tilt angles. Resonance frequency deviations, caused by variations of the
ambient conditions like mechanical vibration and temperature change or heating due to
light losses during laser irradiation, lead to a change of the tilt angle and, finally, result in
errors in image formation and reconstruction [4,13]. Therefore, a static or quasi-static work-
ing mode has many advantages in regards of the electronics and drivers. In March 2019,
Gu-Stoppel et al. presented an AlScN-based quasi-static micromirror with mirror plate
diameter of 0.8 mm [14]. The mirror plate is mounted onto a pillar, which is deflected by
four actuators hidden beneath. A high static scan angle of 50◦ at 150 VDC was achieved
by this novel construction. The challenge with this concept is a complex manufacturing
process, which includes different wafer bonding processes for the micromirror assembly.

In this work, the static deflection and high voltage performance of the Design 1 MOEMS
in [8] is investigated. Additionally, a technology is developed using a 2 µm Al0.68Sc0.32N
with high thickness as transducer material for a direct comparison of the performance of the
MOEMS with higher piezoelectric coefficient. Furthermore, the design is optimized for a
chip size with twice the length and width of MOEMS (Design 2) to identify the performance
gain for different chip footprints and further increase the deflection. By reducing the silicon
spring width in relation to previous designs, the stiffness is decreased, targeting a high
deflection per voltage.

2. Design

In Figure 1 the schematics of the fabricated Al(Sc)N micromirrors with 2 × 3 mm2 and
4 × 6 mm2 footprint are shown. In Table 1 the mirrors parameter are shown. The mirror
plate is connected with two actuators by four L-shaped springs. The design and FEA of the
2 × 3 mm2 MOEMS is shown by Meinel et al. [8]. The MOEMS design and FEA process
for optimization of the leverage effect is described by Meinel et al. [7] previously. In this
publication, the static deflections of the MOEMS are calculated analytically. The parameters
for the analytical calculation are given in Table 1. The actuators are described in a quarter
symmetrical model of the MOEMS (Figure 2). The piezoelectric unimorphs are divided
into two separate actuators in parallel. The actuator has the length l and the width w. Both
actuators have a free displacement ξ0 and a blocking force F0.

ξ0 = −3·d31·l2

t2
p
·AB·(B + 1)

D
·V (1)

F0 = −3
4
·tp·Ep ·d31·

AB·(B + 1)
AB + 1

·
(

w1

l1
+

w2

l2

)
·n·V (2)

A =
ES
Ep

; B =
tS
tp

; D = A2·B4 + 2A·
(

2B + 3B2 + 2B3
)
+ 1 (3)

The free displacement is defined by the deflection of the longest actuator in the system.
The blocking force is a sum of all four actuators n of the system. The actuator force in
relation to the displacement at the leverage arm ξp can be described as Fp

(
ξp
)
:

Fp
(
ξp
)
= − F0

ξ0
·ξp + F0 (4)
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The microsystem has a resonance frequency as a result of the systems stiffness C and
mass m. The mass is approximated as the mirror plate mass only. The stiffness is calculated
by the resonance frequency f of the system. The force in relation to the stiffness and the
deflection at the center of the mass ξm can be described as Fc(ξm).

Fc(ξm) = C·ξm = 4π2· f 2·m·ξm (5)

Table 1. Comparison of the parameter of the micromirror designs and transducer materials.

Symbol 1 Design 1
AlN

Design 1
AlScN

Design 2
AlScN

General parameter

Piezoelectric layer AlN Al0.68Sc0.32N Al0.68Sc0.32N
Thickness of piezoelectric layer [nm] tp 600 2000 2000
Electric field at 1 V [MV/m] 1.67 0.5 0.5
Silicon side wall shift [µm] ~0.85 ~1.35 ~1.35

PVD parameter

Nitrogen concentration [%] 100 100 100
Pressure [Pa] 0.7 0.36 0.36
Substrate temperature [◦C] 350 300 300

DC power [W] 2120 625 (Al) +
375 (Sc)

625 (Al) +
375 (Sc)

Geometrical parameter

Spring width (mask) [µm] a 5 5 7
Spring width (fabricated) [µm] a′ ~3.3 ~2.3 ~4.3
Lever arm distance to center [µm] bp 40 40 80
Distance to center of area [µm] bm 200 200 187.5
Lever arm distance to actuator [µm] c 20 20 70
Spring length [µm] d 255 255 1030
Mirror plate length/diameter [µm] e 800 800 1000

Actuator width (quarter model) [µm] w1
w2

140
440

140
440

1000
505

Actuator length (quarter model) [µm] l1
l2

760
360

760
360

2020
1710

Parameter for analytical calculation

Number of actuators in the model n 4 4 4
Thickness silicon substrate [µm] ts 21 ± 10% 21 ± 10% 21 ± 10%
PE charge coefficient [pm/V] d31 −2 ± 10% −5 ± 10% −5 ± 10%
Resonance frequency [kHz] f 3.5 ± 10% 2 ± 10% 2 ± 10%
E-Modulus of PE transducer [GPa] Ep 108 108 108
E-Modulus of silicon [GPa] Es 63.9 63.9 63.9
Actuation voltage [V] V 1.0 1.0 1.0
Mass of the mirror plate [ng] m 31 ± 10% 31 ± 10% 38 ± 10%

1 Symbolism according to Figures 1 and 2.

The relation between ξm and ξp is defined by the leverage arm distance to the center
bp and the distance to the area center bm:

ξm =
bm

bp
·ξp (6)

The momentum of the actuators and the systems stiffness are in an equilibrium:

Mp = Mm (7)

Fp·bp = Fc·bm (8)
(
− F0

ξ0
·ξp + F0

)
·bp = C· bm

bp
·ξp·bm (9)
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Figure 1. Schematic of the presented micromirror designs.

Figure 2. Quarter symmetrical model of the MOEMS: (a) Design 1; and (b) Design 2.

The deflection at the leverage arm position in relation to the leverage arm distance to
the center of the MOEMS can be calculated with this equilibrium of the momentum:

ξp
(
bp
)
=

F0
F0
ξ0
− b2

m
b2

p
· C

(10)

The deflection at the edge of the mirror plate ξe in relation to the lever arm position
bp is given by Equation (11).
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ξe
(
bp
)
=

F0
F0
ξ0

+ b2
m

b2
p
· C
· bm

bp
·

e
2

bm
=

F0
F0
ξ0

+ b2
m

b2
p
· C
· e
2bp

. (11)

It should be noticed, that a LDV-based measurement of the deflection will not be
done at the exact edge of the mirror plate, due to irregular reflections of the light. The
measurement of the mirrors deflection in this paper is done in a distance to the mirror edge
of approximately 50 µm. Additionally, the analytic equations do not include losses of the
elastic energy, or mechanical stress and strain in the torsion springs.

In Figure 3 the mirror plate deflection is shown in relation to the lever arm distance
to the center. An optimum lever arm length can be identified, depending on the systems
mass and stiffness as well as the blocking force and free deflection of the actuators. The
parameter of silicon height, piezoelectric charge coefficient, and resonance frequency are
estimated within a 10% limit of variation. For Design 1 with AlN as transducer and a
40 µm lever arm distance the calculated deflection is in the range of 65 nm/V to 116 nm/V.
Using Al0.68Sc0.32N and Design 1 increases the deflection up to 143 nm/V to 241 nm/V.
Design 2 has a lever arm distance to the center of 80 µm. For this design and Al0.68Sc0.32N
a deflection of 563 nm/V to 959 nm/V is calculated.
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Figure 3. The static mirror plate deflection (mechanical tilt angle) per voltage in relation to the lever
arm distance to the center is given for different designs and transducer materials. The parameter
substrate height, piezoelectric charge coefficient, and resonance frequency are estimated with a
10% limit of variation. Therefore, an upper and lower limit of the approximated variation to the
mechanical tilt angle is given.

3. Fabrication

The wafers with AlN and Al0.68Sc0.32N piezoelectric layers are processed with an
identical process flow and process parameters, except for the deposition and etching of
the piezoelectric material. Figure 4 illustrates the device fabrication process flow. The
microsystem fabrication is based on 150 mm SOI technology with 575 µm thick handle
wafer and 20 µm device-silicon thickness. First, a 1 µm thermal oxide is grown by oxidation.
LPCVD silicon nitride with a layer thickness of 100 nm is used as an isolation layer due to
its selectivity against HF wet etching processes. The piezoelectric layer stack starts with a
seed layer of 100 nm platinum. For a better adhesion with the substrate, a 20 nm titanium
film is used. The Pt is deposited in <111> orientation to minimize the elastic energy to
a <0002> Al(Sc)N crystal. A 600 nm AlN or 2000 nm Al0.68Sc0.32N, respectively, and a
100 nm PECVD SiO2 layer are deposited as piezoelectric material. Table 1 summarizes the
PVD deposition conditions for the AlN and Al0.68Sc0.32N layer. DC magnetron process
with an Al target (double ring magnetron target 120 mm and 123–236 mm, purity 5N5)
in 100% nitrogen atmosphere is used for AlN. In the case of Al0.68Sc0.32N, co-sputtering
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from 5N5 Al and 4N pure Sc targets in pulsed DC mode in 100% nitrogen atmosphere is
used at combined power of 1000 W. AlScN growth optimization, as well as structural and
compositional analysis are discussed elsewhere [15,16].

Figure 4. Fabrication process flow: (a) Initial layer stack; (b) AlN wet etching; (c) Pt structuring;
(d) Dry etching of silicon nitride and wet etching of silicon oxide, aluminum deposition; (e) backside
structuring by DRIE; and (f) dry etching of device silicon.

The adhesion of photoresists during the AlN wet etch process is not sufficient. There-
fore, a 100 nm SiO2 is the hard mask material for the patterning process. AlN and
Al0.68Sc0.32N wet etching is done with 85% phosphoric acid solution (H3PO4) at 80 ◦C
(Figure 4b). The etch rate of AlN is 1.4 nm/s. The Al0.68Sc0.32N has a etch rate of 6.7 nm/s.
Test wafer with Al0.86Sc0.14N have etch rates of 4.2 nm/s. This indicates a correlation of
higher etch rates and higher Scandium ratios in the piezoelectric transducer.

The platinum and titanium are structured via tungsten hard mask by a dry etch process
(Figure 4c) which is monitored with an optical emission spectrometer. By analyzing the
species in the plasma, an etch stop can be defined as soon as the Ti/Pt is etched and the
dry etching of the silicon nitride starts. In Figure 4d, the silicon nitride is patterned by RIE
and the silicon oxide is wet etched. This enables an aluminum deposition on a smooth
silicon surface. The 800 nm aluminum layer serves as reflective layer on the mirror plate
and as upper electrode for excitation of the piezoelectric actuators. After wet etching of the
aluminum layer, the handle wafer silicon is structured by DRIE using the buried SiO2 of
the initial SOI wafer as etch stop (Figure 4e).

By variation of the exposure parameters in the lithography as well as the DRIE param-
eters, a side wall shift of the silicon springs can be done to reduce the systems stiffness. This
process can be done by using different resists, exposure times, or another DRIE process
recipe. For the wafer with AlN this side wall shift is about 0.85 µm at each sidewall. This
results in a change of the spring with from a = 5 µm to a′ = 3.3 µm. For the wafer with
Al0.68Sc0.32N a side wall shift of 1.35 µm is used. The lower stiffness should result in higher
deflection per voltage and further increase the MOEMS performance compared to systems
with high resonance frequency.
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4. Measurement Setup

By using a Polytec MSA 400 Laser-Doppler-Vibrometer (LDV) with OFV 5000 Con-
troller, the frequency-response-functions (FRF) of the MOEMS are recorded. A chirp signal
with an amplitude of ±1 V is applied to the top electrode of one actuator. The opposite
actuator is driven with a 180◦ phase shifted signal with the same frequency and amplitude.
So, the actuators work in antiphase mode. The amplitude of deflection is measured at the
mirror plate edge. By measuring the resonance frequency, the stiffness of the MOEMS
can be identified indirectly. This allows to compare static performance values for similar
mechanical parameters of the MOEMS.

For measuring higher tilt angles, a high-deflection setup was introduced in [8,9].
Mechanical tilt angles up to approximately 15◦ can be measured. A laser beam is projected
onto the mirror at a 45◦ angle. The mirror reflects it on an adjustable screen with a metric
scale, which is also attached at a 45◦ angle to the mirror. The components like the laser
mount and screen are fixed on a ring, adapted to the prober station (see Figure 5).

Figure 5. Schematic of the experimental setup [9].

The transversal piezoelectric coefficient defines the piezoelectric crystal deformation
in result of an electric field. If samples with different piezoelectric material thicknesses
and piezoelectric coefficients are used, the electric voltage as parameter for actuation is
not sufficient to interpret the system performance. Therefore, the results are additionally
documented in relation to the electric field in MV/m.

5. Results and Discussion
5.1. Frequency Response and Small Signal Actuation

In Figure 6a,b the FRFs are depicted in logarithmic scaling. The amplitude is measured
for a range of six decades. Due to the high deflection in resonance, the LDV sensor sensi-
tivity is low. Therefore, there is a significant noise for low amplitudes. The measurement
values are given in Table 2. A motion scan image of exemplary micromirrors of Design 1
and Design 2 in torsional mode is shown in Figure 7.

An analytical calculation is shown to describe the static deflection of the 1D MOEMS.
For a MOEMS with AlN and Design 1 a static deflection of 65 nm/V up to 116 nm/V is
calculated. The measured deflection is 61.1 nm/V. One reason for the smaller deflection
in the manufactured system can be the loss of elastic energy in the torsion spring with a
high stiffness, which is not modeled by the analytical formulas. The measured MOEMS
deflection with Design 1 and Al0.68Sc0.32N is 157.6 nm/V. The measured deflection is within
the calculated deflection range of 143 nm/V to 241 nm/V. For Design 2 with Al0.68Sc0.32N
as piezoelectric transducer, the modeled deflection of 563 nm/V to 959 nm/V matches with
the measurement result of 667.3 nm/V.

For Design 1, the AlN MOEMS has a resonance frequency of 3444 Hz. For the same
design, the resonance frequency of the Al0.68Sc0.32N MOEMS is 1819 Hz. The side wall
shift of the silicon results in a decrease of the resonance frequency and, therefore, in a
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lower stiffness of the system. The resonant mechanical tilt angle of the AlN based MOEMS
(Design 1) is 2.8◦ at 1 MV/m. For the Al0.68Sc0.32N MOEMS an angle of 11.9◦ at 1 MV/m is
measured. The deflection in relation to the electric field is increased by a factor of 4.
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Table 2. LDV measurement results for the resonant and static deflections of the MOEMS Designs
with different transducer materials.

Parameters 1
Design 1 Design 1 Design 2

600 nm AlN 2000 nm Al0.68Sc0.32N 2000 nm Al0.68Sc0.32N

(Quasi)static parameters

Mirror deflection (nm)
At 1 V 61.1 157.6 667.3
At 1 MV/m 36.7 315.2 1334.6

Mech. tilt angle (m◦)
At 1 V 8.8 22.6 76.5
At 1 MV/m 5.3 45.1 152.9

Resonant parameters

Resonance frequency (Hz) 3444 1819 2121

Mirror deflection (µm)
At 1 V 33.1 41.4 152.9
At 1 MV/m 19.9 82.7 305.7

Resonant mech. tilt angle (◦)
At 1 V 4.7 5.9 17.8
At 1 MV/m 2.8 11.9 35.6

1 Parameters are medium values over five samples.
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Figure 7. Motion scan images of exemplary micromirrors recorded by Laser-Doppler-Vibrometry:
(a) Design 1; and (b) Design 2.

Due to the larger chip area and actuator length and width of Design 2, the deflection is
increased to 35.6◦ per MV/m in resonance. The resonance frequency for the MOEMS with
Design 2 is 2121 Hz. In total, the resonant deflection from a MOEMS with AlN and Design
1 compared to Al0.68Sc0.32N with Design 2 increased from 2.8◦ to 35.6◦ per 1 MV/m. This is
a factor of 12.

5.2. Static High Voltage Actuation

In this section, the scanning characteristics of three selected micromirror samples in
torsional mode for voltages of up to 400 V are shown. 400 V is the maximum voltage of the
power supply in the setup. Due to limitations in the measurement setup, deflections up to
15◦ mechanical deflection can be measured. In Table 3 and Figure 8 the static mechanical
deflections of the systems are shown.

Table 3. Comparison of the static mechanical tilt angles of the several micromirror designs and
piezoelectric transducer technologies.

Static Parameters
Design 1 Design 1 Design 2

600 nm AlN 2000 nm Al0.68Sc0.32N 2000 nm Al0.68Sc0.32N

Mech. tilt angle (◦)
At 100 V 2.1 2.1 6.3
At 200 V 4.1 4.3 12.5
At 400 V — 9.6 — 1

At 50 MV/m 0.6 2.1 6.3
At 100 MV/m 1.2 4.3 12.5
At 200 MV/m 2.5 9.6 — 1

Maximum mech. tilt angle (◦) 4.1 (at 200 V) 9.6 (at 400 V) 13.9 1 (at 220 V)
1 Limit of measurement setup.

Electric breakthroughs are observed for AlN chips at voltages higher than 200 V (Figure 9).
Up to 400 V actuation voltage is used for the samples with Al0.68Sc0.32N. The reason is the
high electric field for the 600 nm thin AlN layers compared to the 2 µm thick Al0.68Sc0.32N.

For Design 1 the maximum deflection is 9.6◦ at 400 V with Al0.68Sc0.32N as piezoelectric
transducer. AlN-based chips show deflections up to 4.1◦ at 200 V. By comparing the
deflection of the MOEMS in relation of the electric field, the use of 2 µm Al0.68Sc0.32N and
lower system stiffness increased the static deflection by a factor of approximately 4. It can
be assumed that the high piezoelectric coefficient of the Al0.68Sc0.32N is one major reason
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for the larger deflection. In addition, the lower stiffness of the Al0.68Sc0.32N based MOEMS
influences the absolute and relative deflection and needs further investigations.
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Figure 9. Photography of an exemplary micromirror of Design 1 with electric breakthroughs at 220 V.
The electric contact of the MOEMS is done with micro needles on a probe station.

Design 2 enabled deflections of up to 13.9◦ at 220 V, which is the limit of the mea-
surement setup. The deflection per electric field of Design 2 is increased by a factor of 3
in relation to Al0.68Sc0.32N-MOEMS with Design 1. Design 2 with Al0.68Sc0.32N has more
than ten times of the deflection per electric field compared to the previously reported AlN
based MOEMS with Design 1. The scan angle can be defined by four times the mechanical
tilt angle. Therefore, scan angles up to 55.6◦ for static displaced Al0.68Sc0.32N MOEMS are
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shown. Figure 10 shows a photography of a static deflected MOEMS of Design 2 with
Al0.68Sc0.32N at 200 V.

Figure 10. Photography of an exemplary micromirror of Design 2 in static operation (12.5◦, 200 V).
Captured by a single lens reflex (SLR) camera (Canon EOS 600D) and macro lens.

In Figure 8 the linearity for deflections < 15◦ can be seen. Relevant non-linear effects
are not observed for the static deflections. Therefore, stress-stiffening effects have minor
relevance for both MOEMS designs and static deflections < 15◦.

For high electric fields the AlN and Al0.68Sc0.32N shows electric breakthroughs. In
Figure 9 a chip is shown after a breakthrough. Optically, lightning discharges were observed
spontaneously. If a lightning appears at one position of the chip, an avalanche effect starts
immediately and multiple areas of the chip show electric breakthroughs. The positions
of the breakthroughs are random. Therefore, imperfections of the AlN and Al0.68Sc0.32N
growth could be the reason for the breakthrough. Nevertheless, a very electric field of up to
200 MV/m is applied to the piezoelectric layer, which indicates a high quality of the crystal
growth and structure.

Future measurement setups need power supplies with voltages higher 400 V DC and
a larger optical bank for the documentation of lager scan angles.

Figure 11 shows a photography of the Design 1 MOEMS with 2 × 3 mm2 footprint
and the Design 2 MOEMS with 6 × 8 mm2 chip size in comparison.

Figure 11. Photography of the Design 1 and Design 2 MOEMS with piezoelectric Al0.68Sc0.32N
actuators on a copper sulfate crystal as a backdrop.
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6. Conclusions

The AlN and Al0.68Sc0.32N is was developed for the use at high electric fields up
to 200 MV/m to increase the maximum electric energy the system can transform into a
deflection. Additionally, the use of Al0.68Sc0.32N, in comparison to AlN, increased the
static deflection per electric field by a factor of 3.5. This shows the impact of AlScN based
transducer materials for piezoelectric microsystems. By using 2 µm thick Al0.68Sc0.32N with
high electric breakdown voltage, the maximum actuation voltage was increased up to 400 V.

In Table 4 a comparison of the MOEMS Designs 1 and 2 with AlN and AlScN and the
micromirror of Gu-Stoppel et al. [14] is presented. A figure of merit (FOM) is shown as a
product of mirror diameter, respectively, mirror length, and scan angle. Another figure of
merit considers the influence of the stiffness of the MOEMS by including the resonance
frequency [1]. The presented MOEMS Design 1 and 2 with Al0.68Sc0.32N as transducer
material have very high values for the FOMs. The FOM for the Design 2 MOEMS with
Al0.68Sc0.32N is FOM = θ · e · fres = 116.8 m·◦·Hz and therefore 3.2 times higher than the
reference in literature. The reason therefore can be a 2 µm thick Al0.68Sc0.32N with high
piezoelectric coefficients and the use of high voltages as well as optimized design parameter
with a leverage effect. However, Gu-Stoppel et al. [14] were able to manufacture a 2D
MOEMS on a very small footprint using vertical silicon integration technologies.

Table 4. Comparison of (quasi-)static driven micromirrors based on piezoelectric AlN and AlScN of
current literature and this work.

Specification Unit Ref. [14]
This Work

Design 1 Design 1 Design 2

Transducer material AlScN AlN AlScN AlScN
Material thickness nm 1000 600 2000 2000

Mirror plate length (e) mm 0.8 0.8 0.8 1.0
Chip size mm2 1.4 × 1.4 2 2 × 3 2 × 3 4 × 6
Res. frequency (fres) kHz 0.9 3.4 1.8 2.1
Drive voltage VDC 150 200 400 220
Scan angle (θ) ◦ 50 8.4 38.4 55.6 1

FOM: θ · e mm · ◦ 40.0 6.7 30.7 55.6
FOM: θ · e · fres m · ◦ · Hz 36.0 22.8 55.3 116.8

1 Limited by measurement setup. 2 Estimated chip size with frame.

In summary, two different MOEMS designs with AlN and Al0.68Sc0.32N as piezoelec-
tric actuator materials are compared. AlN and Al0.68Sc0.32N driven MOEMS with static
scan angles up to 55.6◦ were fabricated. The chip performances for different designs
and transducer materials with focus on the static actuation were compared. The use of
Al0.68Sc0.32N, larger actuators, softer springs, the increased thickness of the transducer, and
a material with high electrical breakdown voltages enabled the increase of the performance.
The resonant deflection per electric field increased by a factor of 12. The static deflection per
electric field increases more than 10 times due to the optimization in design and transducer
material. The development of high-performance transducer materials and optimized MOEMS
designs will allow miniaturized and robust micro optics with large static scan angles.
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Abstract: The massive data transfer rates of nowadays mobile communication technologies demand
devices not only with outstanding electric performances but with example stability in a wide range
of conditions. Surface acoustic wave (SAW) devices provide a high Q-factor and properties inherent
to the employed materials: thermal and chemical stability or low propagation losses. SAW resonators
and filters based on Sc0.43Al0.57N synthetized by reactive magnetron sputtering on single crystal and
polycrystalline diamond substrates were fabricated and evaluated. Our SAW resonators showed high
electromechanical coupling coefficients for Rayleigh and Sezawa modes, propagating at 1.2 GHz and
2.3 GHz, respectively. Finally, SAW filters were fabricated on Sc0.43Al0.57N/diamond heterostructures,
with working frequencies above 4.7 GHz and ~200 MHz bandwidths, confirming that these devices
are promising candidates in developing 5G technology.

Keywords: SAW devices; piezoelectricity; ScAlN thin film; diamond thin film; 5G technology;
electromechanical coupling coefficient k2; Q-factor

1. Introduction

Surface acoustic wave (SAW) devices leverage the piezoelectric effect to generate
and detect electroacoustic signals [1,2]. These devices are fabricated with cutting-edge
clean room technologies, which significantly shrinks their unitary costs. The possibility of
controlling phonons and monitoring their interaction with electrons, photons, or magnetic
spins have attracted the attention of the research community. Their applications have
increased from the delay lines of the early 1960s to the nowadays state-of-the-art sensors or
the emerging quantum technologies [3,4]. Within the scope of mobile telecommunication,
the operating frequencies of these devices have been steadily increasing from 450 MHz to
6 GHz. Furthermore, SAW devices based on polycrystalline piezoelectric thin films are a
cost-effective MEMS solution for the 5G technological constraints due to their outstanding
capabilities such as power handling or thermal stability [5,6].

Among polycrystalline piezoelectric thin films, AlN has been extensively studied for
its high SAW propagation velocity due to the stiffness of the compound, as well as its
thermal and chemical stability [7,8]. However, its relatively low piezoelectric constant
d33 restrains its applicability where large electromechanical coupling coefficients (k2) are
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required. In this regard, the introduction of Sc atoms into the wurtzite AlN structure
increases the piezoelectric response of the thin film [9]. The maximum increase is reported
to occur at an Sc concentration of 43%. However, experimentally, the synthesis of this
compound has been challenging for the competitive synthesis of the rock−salt phase
(non-piezoelectric) of ScAlN, which is more energetically favorable at Sc concentrations
above 55% [10–12]. Furthermore, the inclusion of Sc does not only increase the piezoelectric
response of the compound but reduces its elastic constant and alters the optoelectronic
properties, such as the bandgap [13,14].

In the case of loss-less materials, the electromechanical coupling coefficient (k2) is
a measure of the conversion efficiency between the mechanical and electrical energies
and vice versa, and it is directly related to the piezoelectric response of the thin film [15].
Therefore, the ScAlN compound and its increase of the piezoelectric constant with the
Sc concentration is a promising material to fabricate high-frequency SAW devices with
outstanding performances.

In this work, SAW devices were fabricated with Sc0.43Al0.57N/diamond-based het-
erostructures. Highly c-axis oriented Sc0.43Al0.57N thin films were synthesized on poly-
crystalline and single crystal diamond substrates. The electroacoustic properties of these
layered structures were assessed. From the 1-port resonators, the effective electromechani-
cal coupling coefficients (K2

eff) and effective propagation velocities were extracted. Finally,
SAW filters working at frequencies above 4.70 GHz are presented.

2. Materials and Methods

The synthesis of the piezoelectric thin film was carried out using a home-built reactive
magnetron sputtering system. The target alloy (Sc0.6Al0.4) was placed 45 mm from the
substrate. The process was carried out without intentional heating, and the temperature
was monitored using a K-type thermocouple located below the substrate holder. The
magnetron was powered using a pulsed DC generator (ENI RPG50), with a pulse width set
to 1616 ns.

The polycrystalline diamond (PCD) substrates were synthesized by microwave plasma
chemical vapor deposition (MPCVD) on a 500-µm thick Si (001) supporting layer. The
single crystal diamond (111) (SCD) was purchased (EDP Corporation, Osaka, Japan) for
evaluating its influence on the SAW propagation characteristics.

Prior to the ScAlN synthesis process, the substrates were cleaned using the following
two-solvent method. First, the substrates were rinsed in acetone at 60 ◦C, followed by a
sonication bath in methanol, both for 5 min. Afterwards, the samples were blown dry with
nitrogen (N2) and introduced into the load-lock chamber.

The synthesis chamber was conditioned for three minutes in a pure Argon (Ar) at-
mosphere (30 sccm), with a discharge power of 500 W and a process pressure of 1.33 Pa.
Nitrogen was then introduced, the gas admixture ratio (N2/(N2 + Ar)) was adjusted to 25%,
and the process pressure and discharge power were set to 1.33 Pa and 500 W, respectively,
for 3 min. Finally, the process pressure was adjusted to 0.40 Pa. After 3 min, the plasma
was turned off, and the substrates were transferred from the load-lock chamber. After-
wards, with the shutter closed, the plasma was ignited again using the synthesis conditions
(0.40 Pa, 500 W, 25% gas admixture ratio), and after two minutes, the shutter was moved
away, beginning the synthesis process.

The degree of c-axis orientation of the synthesized piezoelectric thin film was assessed
via 0002ω-θ scans using X-ray diffraction (XRD, Phillips X-Pert Pro MRD diffractometer),
with Cu Kα1 radiation (λ = 1.54059 Å), 45 kV, and 40 mA.

The interdigital transducers (IDT) were fabricated using a standard lift-off process.
They were patterned with an e-beam lithography system (Crestec CABL-9500C, Hachioji,
Japan). Due to the insulating behavior of the ScAlN thin film and the underlying polycrys-
talline diamond substrates, an organic anti-static layer (Espacer 300Z, Showa Denko K.K,
Tokyo, Japan) was spun on top of the e-beam resist to avoid charge accumulation.
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The fabricated 1-port resonators comprise a 2000-nm Sc0.43Al0.57N thin film and
110-nm thick (700 nm width) Au IDT (λ = 2.8 µm). The filters were fabricated using
an 850-nm thick Sc0.43Al0.57N thin film and 300-nm wide Au IDT (λ = 1.2 µm). In this case,
the Au thickness of the filters IDT were different: 130 nm and 65 nm thick for the PCD and
SCD, respectively. A 5-nm thick Cr layer was employed as an adhesion layer. In all devices,
a 0.5 metallization ratio was employed (Figure 1). An SEM inspection of the fabricated
SAW filters can be found in (Figure S1) The 1-port resonators had 60 finger pairs and two
grounded reflectors with 60 finger pairs with the designed IDT wavelength. On the other
hand, the π-type SAW filters comprised 3 1-port resonators.

Figure 1. Sc0.43Al0.57N heterostructures of the fabricated devices with polycrystalline and single
crystal diamond substrates. (A) The 1-port SAW resonators and (B) SAW filters.

The electrical characterization of the devices was carried out using a vector network
analyzer (Agilent N5230 A, Santa Clara, CA, USA), with standard, 300-µm pitch, ground-
source-ground (GSG) probes (Picoprobe 40A; C style adaptor, GGB Industries, Inc, Naples,
FL, USA). A standard short, open, load, through (SOLT), 50 Ω, one-port calibration was
employed. In the case of the 1-port resonators, the measurement resolution was set to
16,001 points in the 0.50 GHz to 6.00 GHz frequency range, whereas the measurement of
the fabricated SAW filters was carried out with a resolution of 16,001 points in the 1.00 GHz
to 10 GHz frequency range. In both cases, the output power was set to 0 dBm. Afterwards,
the data processing and analysis was carried out using scikit-rf, an open-source Python
package [16].

3. Results

The devices presented in this work targeted a ratio between piezoelectric thin film
thickness and an IDT wavelength (d/λ) of 0.71, which is reported to provide the maximum
K2

e f f of the Sezawa mode for diamond-based heterostructures [17]. Additionally, in order to
efficiently propagate the Sezawa mode at frequencies above 4 GHz, the designed IDT wave-
length of the filters (1200 nm) was reduced compared to that of the resonators (2800 nm).
In these devices, the resonance frequency was determined by the IDT wavelength and the
propagation velocity of the wave through the layered structure [18]. Therefore, reducing
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the thickness of the piezoelectric thin film forces the wave to propagate predominantly
through the diamond layer, leveraging its faster propagation velocity.

The single crystal diamond datasheet reported a surface roughness Ra value below
2 nm and the AFM analyses carried out on the polycrystalline diamond substrate reported
RRMS values below 2 nm. Regardless of the substrate, the full width at half maximum
(FWHM) below 3◦ of the XRD 0002 ω-θ scans confirmed that the polycrystalline ScAlN
thin films are highly c-axis oriented. The RBS analysis reported an Sc 43% concentration
within the thin film (Figure S2).

3.1. Resonators

The reflection coefficient of the polycrystalline diamond resonators showed that several
resonance frequency modes are generated together with second and third order reflections
(Figure 2A). Among these, the reflection coefficient of the Rayleigh mode (1.20 GHz)
outstands (~−40 dB). The Sezawa mode (2.06 GHz) and the second order Rayleigh mode
(2.30 GHz) propagated with reflection coefficients below −15 dB.

Figure 2. Measured reflection coefficient (inset: Smith chart) and admittance characteristics of
the one-port resonators fabricated with the Sc0.43Al0.57N/polycrystalline (A,C) and single crystal
diamond (B,D) heterostructures.

The devices using the SCD substrate reported lower insertion losses (Figure 2B). Fur-
thermore, in these devices, the reflection coefficient of the Sezawa mode (2.03 GHz) below
−45 dB indicated the efficient excitation of this mode. The Rayleigh mode (1.21 GHz) prop-
agated with a reflection coefficient below −5 dB, whereas its second order reflection mode
(2.25 GHz) propagated with a reflection coefficient below −15 dB. In both heterostructures,
higher reflection modes propagated above 2.50 GHz.

From the admittance characteristics (Figure 2C,D), the series (fs) and parallel (fp)
frequencies can be extracted and then the effective propagation velocity (veff) (Equation
(1)) can be calculated, as can the effective electromechanical coupling coefficient (K2

eff)
(Equation (2)), where λ is the designed IDT wavelength (Table 1) [19,20].

veff =
fp − fs

2
λ (1)

K2
eff =

π2

8

f2
p − f2

s

f2
s

(2)
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A figure of merit (Table 2), usually employed to compare the performance of SAW devices,
multiplied the Bode Q-factor (Equation (3)) by the electromechanical coupling coefficient.
The Q-factor (Equation (4)) is defined as the ratio between the series or parallel resonance
frequency and the −3-dB width of the frequency [21–23].

FOMs,p = K2
eff ∗ Qs,p (3)

Qs,p =
fs,p

∆f−3dB(s,p)
(4)

Table 1. Effective velocity (veff) and effective electromechanical coupling coefficient (K2
eff) from the

series and parallel resonance frequencies.

Single Crystal Diamond Polycrystalline Diamond

Mode fs (GHz) fp (GHz) veff (m/s) K2
eff (%) fs (GHz) fp (GHz) veff (m/s) K2

eff (%)

Rayleigh 1.20 1.22 3425 3.46 1.20 1.22 3402 3.19
Sezawa 2.02 2.05 5725 3.72 2.06 2.09 5830 3.65

2nd
Rayleigh 2.25 2.28 6361 3.04 2.27 2.30 6407 4.24

Table 2. Quality factors and figure of merit (FOM) values from the series and parallel resonance
frequencies.

Single Crystal Diamond Polycrystalline Diamond

Mode Qs Qp FOMs FOMp Qs Qp FOMs FOMp

Rayleigh 251 187 8.69 6.49 103 4 3.28 0.14
Sezawa 52 69 1.91 2.58 10 10 0.376 0.372

2nd Rayleigh 67 132 2.03 4.02 62 8 2.63 0.336

3.2. Filters

The transmission coefficient of the SAW filter fabricated using the PCD heterostructure
showed that the Rayleigh and Sezawa modes propagated with their center frequency (fc) at
2.66 GHz and 4.88 GHz, respectively (Figure 3A). Both modes presented a maximum gain
above −6 dB, whereas their cut−off frequencies were below −12 dB. The −3-dB bandwidth
of the Rayleigh mode was above 100 MHz, whereas the Sezawa mode bandwidth was
above 180 MHz (Table 3).

Figure 3. Transmission coefficient of a ladder-type SAW filter fabricated on Sc0.43Al0.57N/PCD
(A) and Sc0.43Al0.57N/SCD (B) heterostructures.

On the other hand, the Rayleigh mode generated in the SAW filter fabricated using
the SCD substrate had a band pass maximum of −2.5 dB (Figure 3B). The center frequency
of this mode was 2.17 GHz. whereas the Sezawa mode fc was at 4.74 GHz, and its band
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pass maximum was −5 dB. The cut-off of both the lower (f1) and higher (f2) frequencies in
the Rayleigh mode were below −18 dB, whereas those corresponding to the Sezawa mode
were below −10 dB.

Table 3. Lower (f1) and higher (f2) cut-off frequencies, center frequencies (fc), and bandwidth in the
Rayleigh and Sezawa modes for SCD and PCD filters.

Single Crystalline Diamond Polycrystalline Diamond

Mode f1 (GHz) f2 (GHz) fc (GHz)
−3 dB

Bandwidth
(MHz)

f1 (GHz) f2 (GHz) fc (GHz)
−3 dB

Bandwidth
(MHz)

Rayleigh 2.14 2.21 2.17 72 2.61 2.72 2.66 107
Sezawa 4.81 4.99 4.90 181 4.64 4.83 4.74 189

4. Discussion

In layered structures, the effective propagation velocity of a SAW (Equation (5))
depends on the elastic modulus (E) and density (ρ) of the particular thin films, which
through these the wave propagates [24]. In this regard, both types of diamond substrates
have similar stiffness, as the resonance frequency of the SAW modes in both resonators is
comparable. Furthermore, when comparing the resonance frequencies with our previous
works (Sc0.26Al0.74N/PCD with Pt electrodes), the softening of the piezoelectric thin film
with the Sc concentration was apparent, as the resonance frequency of both Rayleigh and
Sezawa modes was reduced [25].

veff =

√
E
ρ

(5)

However, the single crystal diamond substrate shifted the conductance baseline of the
device towards ~0 S (Figure 2D), which showed how the scattering of the SAW wave due to
defects such as grain boundaries or voids deteriorated the electrical response of the devices.
This is in agreement with previous works, where the grain size of the polycrystalline
diamond substrates increased the insertion losses of the devices [26–28].

Focusing on the piezoelectric thin film, particularly in its defects and how they degrade
the electrical response of the devices [29], most of the defects in the thin films accumulated
within the proximity of layer interfaces, mainly due to lattice mismatches and strain
relaxation mechanisms, which usually require heat treatments to be minimized. However,
the propagation characteristics of our devices validated the characterization via XRD
analysis and the high quality Sc0.43Al0.57N thin films which, as previously mentioned, were
synthesized with no intentional heating of the substrate, on both diamond substrates.

The electromechanical coupling coefficients lay between those reported previously
in the literature (Table 4). However, there have been several approaches that can be
undertaken to increase this value, such as adequate device design or the selection of the
substrate or the electrode metal [17,30].

On the other hand, the structure with embedded electrodes (ScAlN/IDT/diamond)
has been reported to considerably increase the K2

eff coefficient [31]. Additionally, in order
to boost the SAW propagation, a-plane (instead of c-plane) ScAlN thin films have been
recently employed [32].

The filter bandwidth was, without some other circuit elements, constrained by the
effective electromechanical coupling coefficient (K2

eff), as it ultimately constrained the
separation between the series and parallel resonance frequencies.

The −3-dB bandwidth of the Sezawa mode in both the layered structures was above
180 MHz at the center frequencies of 4.70 GHz and 4.90 GHz for the PCD and SCD
structures, respectively.
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Table 4. Comparison of resonance frequencies, compound composition, and electromechanical
coupling coefficient.

ScAlN
Composition

Synthesis
Technique Target Substrate Resonance

Frequency (GHz) Electrode Metal K2
eff (%) Q

Sc0.11Al0.89N [29] MBE - Si 3.6 Ti/Au 3.7 146
Sc0.27Al0.73N [17] RF Sc0.40Al0.60 PCD 2.5−3.5 Al/Cr 5.5–4.5 396–227
Sc0.27Al0.73N [30] DC ScAlN alloy Si 0.2–0.3 Ti/Au 2 100
Sc0.26Al0.74N [33] Pulsed DC Sc0.40Al0.60 Si R 1.4 Pt 0.5 140
Sc0.26Al0.74N [18] Pulsed DC Sc0.40Al0.60 PCD R 1.5–S 2.6 Pt 2.8 R167–S180

Sc0.43Al0.57N [34] RF Dual SCD
SCD

3.75
2.9

Cu
Cu

6.1
3.8

520
-

Sc0.23Al0.77N [32] Pulsed DC Dual
(Al + Sc targets) Sapphire 1.9–1.7 Pt 1.3–2.4 659–538

This work Pulsed DC Sc0.60Al0.40 PCD&SCD R 1.2–S 2.03 Cr/Au 3.2–3.7 R 250–S ~50

Higher bandwidth for both Rayleigh and Sezawa propagation modes were obtained in
our Sc0.43Al0.57N-based heterostructures compared to AlN and ZnO based filters (Table 5).
Furthermore, the insertion losses of our devices were similar to these polycrystalline
piezoelectric thin films. However, the insertion losses of the devices based on single crystal
piezoelectric thin films were lower, showing the importance of the device design and the
quality of the polycrystalline thin film in the electrical response of the filters.

Table 5. Comparison of center frequencies, −3-dB bandwidth, insertion loss (IL), and the Q factor of
the SAW filters with different substrates, piezoelectric thin films, and electrode metals.

Reference Substrate Piezoelectric
Thin Film

Electrode
Metal

Center Frequency
(GHz)

−3 dB Bandwidth
(MHz) IL (dB) Q

[35] SiO2/Si AlN Pt 4.47 30 –40 149
[36] SiO2/Si LiTaO3 Al 3.5 205 –1 17
[37] PCD/Si SiO2/ZnO Al 2.488 3 –5 700
[38] PCD/Si ZnO Al 2.9 15 –20 193

This work
SCD/Si Sc0.43Al0.57N Cr/Au R 2.17–S 4.90 R 72–S 181 R − 2.5–S − 5 R 30–S 27
PCD/Si Sc0.43Al0.57N Cr/Au R 2.66–S 4.74 R 107–S 189 R − 6–S – 6 R 25–S 25

5. Conclusions

SAW devices have been fabricated using Sc0.43Al0.57N as a piezoelectric thin film,
synthetized over polycrystalline and single crystalline diamond substrates. The admittance
characteristics confirm that Sc0.43Al0.57N thin films can be employed in the fabrication
of SAW devices with low insertion losses above 2 GHz. The higher insertion loss and
attenuation of the SAW in the PCD structure revealed the damaging influence of the
electrical performance of the scattering in the grain boundaries, as well as the defects
within the crystal structure.

The Sc0.43Al0.57N thin films employed in these devices were synthesized by reactive
magnetron sputtering without the intentional heating of the substrate. The energy required
to minimize the defects within the thin film is provided by the plasma conditions. The
Rayleigh and Sezawa mode K2

eff values substantially increased with the devices comprising
the Sc0.43Al0.57N thin films, as compared to those values obtained for the modes propa-
gating within the Sc0.27Al0.73N thin films shown in our previous works [18,39]. These two
propagating modes are efficiently excited where the reflection coefficient of the Sezawa
mode propagating in the SCD heterostructure outstands, with an attenuation close to
−50 dB. Additionally, SAW filters with –3-dB bandwidth above 180 MHz have been fabri-
cated at 4.7 GHz resonance frequencies with insertion losses below –5 dB with a SCD based
device, revealing their potential application to 5G technology.

Furthermore, the devices presented in this work showed promising electrical per-
formances for sensing applications where the AlN and ScAlN thermal, chemical, or high
stiffness of the compound were exploited. Therefore, the applicability of these devices
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will not only be constrained by 5G technology, but these results reveal the potential of the
versatile ScAlN compound for the next-generation of SAW devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13071061/s1, Figure S1: SEM inspection of the SAW filter IDT
and ground reflector; Figure S2: RBS spectra of a Sc0.43Al0.57N thin film [40].
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Abstract: This paper presents the use of ferroelectric behavior in scandium–aluminum nitride
(ScxAl1−xN) to create dual-mode Lamb-wave resonators for the realization of intrinsically config-
urable radio-frequency front-end systems. An integrated array of intrinsically switchable dual-mode
Lamb-wave resonators with frequencies covering the 0.45–3 GHz spectrum. The resonators are
created in ferroelectric scandium–aluminum nitride (Sc0.28Al0.72N) film and rely on period poling for
intrinsic configuration between Lamb modes with highly different wavelengths and frequencies. A
comprehensive analytical model is presented, formulating intrinsically switchable dual-mode opera-
tion and providing closed-form derivation of electromechanical coupling (k2

t ) in the two resonance
modes as a function of electrode dimensions and scandium content. Fabricated resonator prototypes
show k2

t s as high as 4.95%, when operating in the first modes over 0.45–1.6 GHz, 2.23% when operat-
ing in the second mode of operation over 0.8–3 GHz, and series quality factors (Qs) over 300–800.
Benefiting from lithographical frequency tailorability and intrinsic switchability that alleviate the
need for external multiplexers, and large k2

t and Q, dual-mode Sc0.28Al0.72N Lamb-wave resonators
are promising candidates to realize single-chip multi-band reconfigurable spectral processors for
radio-frequency front-ends of modern wireless systems.

Keywords: ferroelectric; scandium–aluminum nitride; Lamb-wave resonators; complementary switchable

1. Introduction

Scandium–aluminum nitride (ScxAl1−xN) has recently emerged as a transforming
piezoelectric material for creation of high-performance electroacoustic resonators and
filters. Benefiting from the large piezoelectric coefficients that only increase with scandium
content [1], ScxAl1−xN enables the radical enhancement of electromechanical coupling (k2

t )
in electroacoustic resonators. This facilitates the creation of radio-frequency (RF) filters
with significantly lower loss and higher bandwidth compared to AlN counterparts [2–5].
Besides the k2

t enhancement, the recent discovery of ferroelectricity in ScxAl1−xN [6] has
initiated extensive research efforts for the creation of configurable RF components, such as
varactors, and tunable and switchable resonators and filters [7–12]. These components are
of particular interest for emerging wireless communication systems that require multi-band
adaptive operation over a wide frequency spectrum [13,14].

Currently, the RF front-end of wireless systems rely on a large set of AlN thickness-
extensional bulk acoustic wave (BAW) filters that are arrayed at the board level using
external multiplexers, to enable spectral processing over the 0.4 GHz to 6 GHz spec-
trum [13,15,16]. The frequency of BAW filters is defined by the thickness of the metal–
piezoelectric–metal stack and cannot be tailored with lithography. This imposes the need
for a large number of separately packaged filter chips to address the numerous bands for
different wireless applications and protocols.

Lamb-wave AlN resonators have been extensively explored as an alternative to BAW,
as they provide lithographical frequency scalability and enable the integration of multi-band
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filters on a single chip [17]. However, the lower k2
t of Lamb-wave resonators compared

to their BAW counterparts, and the resulting limitation in maximum attainable filter
bandwidth has set a barrier for their adoption in RFFE. The lower k2

t of Lamb-wave
resonators is due to the smaller transverse piezoelectric coefficient (e31) compared to
longitudinal (e33) in AlN films.

However, the k2
t shortcoming in Lamb-wave resonators can be resolved considering

the substantial increase in e31 with sufficiently high Sc doping that enables the realiza-
tion of ScxAl1−xN Lamb-wave resonators with k2

t on par with or exceeding AlN BAW
resonators [2,3,5]. Further, the ferroelectricity in ScxAl1−xN provides new opportunities
for the intrinsic and on-chip reconfiguration of Lamb-wave resonators, to further reduce
the number of filters and external switches, and their corresponding load on RFFE foot-
print, power consumption, and latency [18]. Another application of ferroelectricity is the
use of polarization engineering to tailor excitable resonance modes for the performance
optimization of electroacoustic resonators and filters. Polarization engineering has been
previously demonstrated in lithium niobate electroacoustic devices for improving the re-
sponse of an acoustically coupled filter [19], in the extreme frequency scaling of a resonator
by enabling excitation of higher harmonics [20], and in the creation of acoustic stop-bands
in waveguides [21]. In these efforts, polarization tailoring is applied as a part of the fabrica-
tion process. This approach does not allow the use of on-chip polarization tuning for the
dynamic reconfiguration of device operation that is highly desirable for adaptive spectral
processing applications.

In this work, we demonstrate high-k2
t dual-mode intrinsically switchable Sc0.28Al0.72N

Lamb-wave resonators. Intrinsic switchability and dual-mode operation are realized
by the periodic poling of Sc0.28Al0.72N, using pulsed switching, to enable the selective
excitation of Lamb modes with different wavelengths and frequencies. Dual-mode Lamb-
wave resonators with frequencies covering the entire ultra-high-frequency regime are
implemented in the same batch, and their intrinsic switchability and dual-mode operation
are analytically formulated and experimentally verified.

2. Concept

Lamb-wave resonators are created from cascading unit-cells with patterned interdigi-
tated transducers (IDT) (Figure 1a).
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Figure 1. (a) Cross−sectional schematic of unit-cell in the Lamb-wave resonators, with strain
mode−shapes when operating in Γ1 and Γ2 modes. (b) Operation State 1 (unified polarization):
polarization under all the IDTs is in same direction, enabling the high-k2

t excitation of Γ1 while
Γ2 mode is turned off. (c) Operation State 2 (alternating polarization): polarization under consecutive
IDTs is in the opposite direction, enabling the high-k2

t excitation of Γ2 while Γ1 mode is turned off.

Considering the resonator as a waveguide extended in the x-axis direction, the me-
chanical resonance modes correspond to the eigenmodes of the unit cell, when a periodic
boundary condition is applied:

Γi(x, y, z) = Γi(x + λ, y, z) (1)
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Here, Γi(x, y, z) is the strain mode–shape function, and λ is the unit-cell length in
x-axis direction. Figure 1a shows the COMSOL-simulated deformation mode–shape for two
different eigenmodes, corresponding to the zeroth-order symmetric Lamb waves (i.e., S0)
propagating in the x-axis direction, that optimally match the lateral electric-field excitation
scheme using top-surface IDTs. The simulation is performed for a unit-cell with ScxAl1−xN
thickness of 200 nm, molybdenum (Mo) bottom electrode and IDTs with a thickness of
100 nm, and λ of 6 mm. These modes benefit from the efficient electromechanical excitation
enabled by the large e31 in ScxAl1−xN. This can be formulated using the excited electric
displacement in the two modes (DS0,i, i = 1, 2) as:

DS0,i(x) = e31,e f f ΓS0,i (2)

Here, e31,e f f is the effective transverse piezoelectric coefficient that is linearly pro-
portional to the normalized instantaneous polarization Pinst(x), due to the ferroelectric
characteristic in Sc0.28Al0.72N and is formulated as:

e31,e f f = e31Pinst(x) (3)

Pinst(x) can be spatially tuned between 1 (i.e., nitrogen polar) or −1 (i.e., metal polar)
by the application of proper polarization-switching pulses to Sc0.28Al0.72N, between each
IDT finger and the bottom electrode. The motional charge per unit length of the y-axis
(Qm,i) excited between the two IDT fingers in the unit-cell is derived from:

Qm,i =
1
2 ∑

j=1,2

(
(−1)j

∫ xelec,j+λ/4

xelec,j

DS0,i(x)dx

)
(4)

Assuming a similar acoustic velocity in metal electrodes and Sc0.28Al0.72N, and infinite
dimension of the waveguide in y-axis direction, the S0 mode–shapes are:

Γ1(x, y, z) ∼= sin
( 2πx

λ

)
,

Γ2(x, y, z) ∼= cos
(

4πx
λ

) (5)

The coupling coefficient (k2
t,i) of the ith S0 mode (i = 1, 2) is formulated from mechani-

cal and electrical energies as [22]:

k2
t,i
∼=

1
2

Q2
m,i

C0

1
2

Q2
m,i

C0
+
∫ HScAlN

0

∫ λ
0

c11
2
(
ΓS0,i

)2dxdz + 4
∫ Helec

0

∫ λ
4 +

Wf
2

λ
4 −

Wf
2

Eelec
2
(
ΓS0,i

)2dxdz

(6)

Here, HScAlN and Helec are the thickness of the piezoelectric film and electrodes,
respectively. c11 and Eelec are, respectively, the elastic constants of the piezoelectric film
and electrodes in the wave-propagation direction. W f is the IDT finger width. C0 is the
capacitance between the two IDT fingers, per unit length in the y-axis direction, and is
approximated as:

C0 =
ε33W f

2H
(7)

Here, ε33 is the piezoelectric film permittivity. Replacing Equations (4) and (5) in
Equation (6), k2

t,i=1,2 is simplified to:

k2
t,i =

(
Pinst,1 − (−1)iPinst,2

2

)2 4
π2 K2

31αi

βi +
4

π2 K2
31αi

(8)
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Here, αi is a scaling factor corresponding to the relative width of IDT fingers to unit-cell
length, calculated as:

αi =
λ

i2W f

(
sin
( iπW f

λ

))2

(9)

βi is a scaling factor representing the relative energy distribution in overall unit cell
and the piezoelectric layer, calculated as:

βi =
c11HScAlN +

2αiW f
λ EelecHelec

c11HScAlN
(10)

Pinst,j (j = 1, 2) are the net polarization of Sc0.28Al0.72N under the two IDT fingers in
the unit-cell, and K2

31 is the transverse piezoelectric coupling constant formulated as:

K2
31 =

e2
31

ε33c11
(11)

Considering Equation (8), two complementary polarization states exist where ei-
ther the first (i.e., Γ1) or the second (i.e., Γ2) S0 mode has the maximum k2

t . In State 1,
wherein the polarizations under both IDT fingers are unified (i.e., all in the same direc-
tion: Pinst,j (j = 1, 2) = ±1), Γ1 is excited with the maximum k2

t , while Γ2 is switched off
(i.e., k2

t,2 = 0). In State 2, wherein the polarizations under IDT fingers are periodically
alternating (i.e., in opposite directions: Pinst,1 = −Pinst,2 = ±1), Γ2 is excited with the
maximum k2

t , while Γ1 is switched off (i.e., k2
t,1 = 0). Figure 1b,c shows the complementary

operation states corresponding to different polarization configurations and the x-axis strain
mode–shape function for the active mode.

The complementary operation enables intrinsic switching of the resonator between
fundamental and second harmonics of Lamb modes, with a frequency ratio near 2. Con-
sidering Equations (8)–(10), the relative magnitude of k2

t for these modes depends on the
electrode finger width. Figure 2a shows the normalized k2

t of Γ1 and Γ2 modes, across
different finger widths, extracted using the presented analytical model. It is evident that
the k2

t of Γ1 mode is always higher than that of Γ2. When using the dual-mode resonator
to implement a dual-band bandpass filter, the lower k2

t of mode Γ2 translates into a lower
fractional bandwidth. However, the absolute bandwidth of the filter remain nearly the
same in either operation modes, considering the higher frequency of Γ2 mode. As mod-
ern wireless networking protocol applies similar channel bandwidth at different center
frequencies (e.g., 40 MHz in both 2.4 GHz and 5 GHz in IEEE 802.11 n), a halved k2

t of
Γ2 at a frequency that is nearly twice Γ1 enables the realization of a dual-band filter with
the same absolute bandwidth in both operation states. Figure 2b shows the maximum k2

t
achievable in mode Γ1, for resonators created from ScxAl1−xN films with Sc content over
0% to 40%. This plot is derived using Equation (8) and for different thicknesses of the metal
electrode relative to ScxAl1−xN film. It is evident that, for ScxAl1−xN films exceeding 30%
Sc content, assuming 0.1 relative thickness of electrodes, the k2

t of both modes exceeds the
6% typical value in AlN BAW resonators. It should also be noted that, considering the
very large polarization-switching fields in ScxAl1−xN, thinner films are desirable to enable
a configuration between the two modes with reasonable voltages. Therefore, opting for
0.1 relative thickness of metal films may result in excessive electrode loss. In this work, the
resonators are implemented in ~200 nm Sc0.28Al0.72N films, and ~100 nm Mo electrodes
(i.e., 0.5 relative electrode thickness) are used.
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3. Fabrication Process

Figure 3 shows the fabrication process for the creation of the dual-mode Sc0.28Al0.72N
Lamb-wave resonators. The process consists of the DC sputtering of a 100 nm Mo layer
atop a 30 nm AlN film that serves as a seed for (110)-textured growth of Mo film [23]. The
Mo layer is then patterned using a boron trichloride (BCl3) gas-based recipe in a reactive-
ion-etching inductively coupled plasma (RIE-ICP) system. Prior to etching, a tapered
photoresist mask was developed via the proximity exposure method. The resulting tapered
photoresist profile thus enabled the formation of tapered sidewalls in the Mo layer, which
promoted the crack-free growth of the subsequent Sc0.28Al0.72N layer. Following this, a
highly crystalline c-axis-oriented 200 nm Sc0.28Al0.72N layer was deposited using reactive
magnetron sputtering from segmented scandium–aluminum targets [24]. Finally, atop this,
a ~120 nm thick Mo layer was deposited, to serve as the top electrode for the resonator.
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After the deposition of the transducer stack, the top Mo layer is patterned using SF6
in the RIE-ICP system to form IDTs. Next, to access the bottom electrode, Sc0.28Al0.72N is
patterned using timed Cl2 dry-etch in a RIE-ICP system. This is followed by the deposition
of 500 nm thick Cr/Pt through lift-off, to create low-loss lines and probing pads. After
metallization, the lateral geometry of the resonator is formed by etching trenches using a
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high-power Cl2/BCl3-based recipe in the RIE-ICP system, wherein low-frequency PECVD
SiO2 is used as a hard-mask for the etching process. Finally, the device is released from
the backside of the silicon substrate by deep reactive ion etching (DRIE). Figure 4a shows
the SEM image of the Lamb-wave resonator and highlights the patterned IDTs. Figure 4b
shows the cross-sectional SEM image of the resonator stack, highlighting the thickness of
the constituent layers.
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4. Characterization

Dual-mode Sc0.28Al0.72N Lamb-wave resonators with different IDT pitch sizes were
measured to identify their admittance and switching behavior. Ferroelectric polarization
hysteresis loop measurement and the periodic poling of the Sc0.28Al0.72N were performed
using a Radiant PiezoMEMS ferroelectric tester. The resonators’ RF performance was
measured using a Keysight N5222A PNA vector network analyzer, along with a short-
open-load-through (SOLT) calibration procedure enabled by a CS-5 calibration kit from
GGB Industries INC.

4.1. Ferroelectric Characterization

To identify the switching voltage, polarization hysteresis loops were measured using
100 kHz bipolar triangular pulses with 125 V amplitude. Figure 5a shows the hysteresis loop
measured at an IDT port and is compared with the loop measured for a 100 µm × 100 µm
capacitor. The slight degradation of the loop measured at the IDT port, defined by a
lower remanent polarization and higher coercive field, may correspond to the nonuniform
distribution of the electric field at excessive edges of IDTs. A coercive voltage of 114 V
is extracted for the IDT port, identifying the required voltage for the periodic poling of
Sc0.28Al0.72N to switch resonator operation between Γ1 and Γ2 modes. Figure 5b shows the
instantaneous current measured at the IDT port, upon the application of a 45 kHz negative
positive-up-negative-down (PUND) pulse sequence with a 112 V amplitude. The large
instantaneous current induced upon a change in the sign of deriving voltage pulse indicates
the polarization inversion of Sc0.28Al0.72N between metal- and nitrogen-polar states. A
similar waveform, with slightly lower voltage of 110 V, is used for periodic poling and the
intrinsic switching of the resonator between the two operation states. Opting for lower
voltage enables the observation of resonator admittance evolution during the transition
between the two operation states and the corresponding complementary excitation and
suppression of Γ1 and Γ2 modes.
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application of a 45 kHz triangular PUND pulse sequence, highlighting polarization reversal in
Sc0.28Al0.78N film.

4.2. RF Characterization

The admittance of resonators was extracted from the measured reflection coefficient
(i.e., S11). One-port measurements were performed through the application of a signal
between the two IDT ports while keeping the bottom electrode floating. The intrinsic
switching of the resonators between the two operation states is performed by applying
pulsed poling voltages between one of the IDT ports and the bottom electrode. Figure 6a–e
shows the measured admittances for resonators with different IDT pitch sizes ranging over
2.4 mm to 8 mm. For each resonator, the measured admittances are shown when operating
in each state. The complementary switchable dual-mode operation in Γ1 and Γ2 modes is
evident. This is enabled by the pulsed periodic poling of Sc0.28Al0.72N under one of the IDT
ports. Figure 6f shows the frequency of the Γ1 and Γ2 modes for different IDT pitch sizes,
highlighting the coverage of the 0.45–3 GHz spectrum.
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Figure 7 shows the short-span admittance of the Sc0.28Al0.72N resonator with 2.4 mm
IDT pitch size, around Γ1 and Γ2 resonance frequencies. The evolution of admittance upon
the application of three −110 V 45 kHz monopolar poling pulses, between one of IDT
terminals and the floating bottom electrode, is evident. Starting from the pristine film with
uniform polarization, the application of the first and second poling pulses to one of the
IDT terminals results in periodic, yet partial, polarization switching. This translates to the
gradual suppression of mode Γ1 and the emergence of mode Γ2. After the third pulse, when
the polarization of all the domains under the corresponding IDT terminal are fully reversed,
Γ1 is fully suppressed, while Γ2 has emerged with its maximum k2

t . The reversibility of this
procedure is verified by the application of three 45 kHz monopolar poling pulses, but with
a 110 V amplitude.
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Figure 8 shows the measured k2
t , Qs, and Qp (i.e., Q at series and parallel resonance)

of resonators with different IDT pitch sizes over 2.4 mm to 8 mm, covering 0.45 GHz to
3 GHz in two operation states. For each IDT pitch size, ten resonators are measured across
the wafer. The resonators k2

t and Q are extracted from the admittances using [25,26]:

k2
t =

π2

8

(
fp

2 − fs
2

fs2

)
, Q =

f
2

∣∣∣∣
∂ϕY
∂ f
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Here, fs and fp are the frequencies of series and parallel resonance modes, and ϕY is
the admittance phase. The measured k2

t is compared with the values extracted from the
presented analytical model.

k2
t mean values over 4.17% to 4.95% are measured for the resonators when operating

in Γ1 mode (i.e., State 1 configuration). This is very close to the 4.58% value extracted
from the analytical model. When operating in Γ2 mode (i.e., State 2 configuration), k2

t
mean values over 1.78% to 2.23% are measured for the resonators. The measured k2

t are
slightly lower than the 2.77% extracted from the analytical model. This discrepancy may
be attributed to the nonuniformity of strain field across the transducer thickness, which
is aggravated at higher frequency (i.e., smaller wavelength) and results in higher energy
concentration in Mo electrodes. Spurious modes are generated due to the two-dimensional
nature of Lamb-wave propagation in a transducer membrane. Ideally, having a structure
with infinitely long IDTs enables the creation of a spurious-free S0 resonator. In practice,
the finite length of the IDTs and the mechanical boundary at the substrate-anchoring region
result in the energy localization of Lamb waves with a non-zero wavenumber in the IDT
length direction. These waves create spurious modes with distribution and frequency
defined by IDT length and the mechanical termination of the membrane. The spurious
modes can be suppressed through the proper apodization of IDTs to avoid their excitation
or by reducing their coupling through charge cancelation [27].

Finally, as Figure 8b suggests, large Q variations, with no clear trend, is observed in
resonators with different IDT pitch size. This may correspond to the varying length of
IDTs in different resonator designs, and its influence on the energy localization and Qs.
These variations are also observed in Qp, which may be attributed to the non-homogeneous
distribution of spurious modes for different IDT dimensions. Opting for optimized IDT length
and exploiting apodization techniques enable achieving consistent Qs that are only limited
by fundamental material-related energy-dissipation mechanisms [27–29]. Considering the k2

t
and Qs values presented in Figure 8, the maximum figure of merits (i.e., k2

t × Qs) of ~38 and
~16 are measured for Γ1 and Γ2 modes, when operating in State 1 and State 2, respectively.
These values can be further improved by opting for higher Sc content in the ScxAl1−xN film
or by reducing Wf to ∼ λ

5 to achieve an optimized k2
t for both modes.

5. Conclusions

This paper presented a new reconfigurable ScxAl1−xN Lamb-wave resonator tech-
nology based on the use of ferroelectric behavior. Periodic polarization tuning, through
interdigitated transducers (IDT), was used for complementary switching between two
Lamb modes with highly different wavelengths and frequencies. A comprehensive analyt-
ical model was presented to verify the complementary switchable dual-mode operation
of the resonator and to provide closed-form formulation to identify the electromechanical
coupling (k2

t ) of the two modes as a function of scandium content, IDT electrode thickness,
and finger width. The fabrication process for the implementation of a dual-mode Lamb-
wave resonator in Sc0.28Al0.72N film was presented. Prototypes with IDT pitch sizes over
2.4 mm to 8 mm were characterized to identify their switching behavior and RF admittance.
Period poling was performed through the application of 110 V 45 kHz triangular pulses
between one of the IDT ports and the bottom electrode, enabling successful complementary
switching between two modes of operation. k2

t s over 4.17–4.95%, when operating in the
first modes over 0.45–1.6 GHz, and 1.78–2.23% when operating in the second mode of
operation over 0.8–3 GHz, were measured. Series quality factors (Qs) over 300–800 were
extracted for resonators operating in first and second modes over 0.45–3 GHz. The pre-
sented dual-mode complementary-switchable ScxAl1−xN Lamb-wave resonator technology
provides lithographical frequency scaling over the entire ultra-high-frequency GHz bands;
large k2

t exceeding AlN BAW, once doped with sufficiently high scandium content; and
intrinsic switchability to relieve the need for external multiplexers. These highlight a high
potential to create single-chip multi-band spectral processors for modern wireless systems.
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