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One of the key advantages of Piezoelectric MEMS (PiezoMEMS) is its scalability, overcoming issues commonly
associated with alternative transduction methods. However, the breadth and depth of studies on scaling the
fabrication process from PiezoMEMS to NEMS (Nano-Electro-Mechanical Systems) remain limited. Effective
MEMS miniaturization not only improves energy efficiency and surface area reduction but also enables the

Switch
T‘:,alnzducer coupling of nanoscale physics, particularly Casimir Forces, with the NEMS design, device operation, and fabri-
Scaling cation opportunities. Here, combined with the finite element method (FEM) modeling, the experimental

aluminum nitride (AIN) nanotransducer fabrication is performed to address the fabrication challenges with
beam-based in-plane nanostructures and to develop the piezoelectric NEMS design utilizing a controllable stic-
tion behavior. The FEM modeling demonstrates that the designed structure featuring a 220 nm thick silicon (Si)
beam with AIN layers located on vertical sidewalls exhibits controllable jump-to-contact and jump-off-contact
behaviors. Based on modeling results, a complete piezoelectric sidewall transducer structure is fabricated. The
final transducer represents a patterned Si nanobeam with the Molybdenum-AIN-Aluminum transducer located on
the vertical sidewalls. The presented findings not only open new opportunities in the piezoelectric MEMS scaling
but also establish a platform for the design of innovative “more-than-a-Moore” devices, such as in-plane me-

chanical latching switches.

1. Introduction

For the past few decades, MEMS devices have been established as
powerful platforms for high-precision sensing and actuation in the
semiconductor industry [1,2]. Yet, one of the main MEMS development
paths is device scaling, leading to a more extensive integration of NEMS
technology [3-5]. Scaling from the microscale to the nanometer range is
mainly driven by dual objectives: enhancing MEMS performance and
exploitation of nanoscale physics phenomena in MEMS design [6,7]. In
recent years, various studies have assessed the efficacy of transitioning
towards ultra-miniaturized electromechanical devices, with a focus on
reducing power consumption, expediting response times, and achieving
exceptional sensitivities at high resonant frequencies (MHz-GHz) [7-9].
Amidst these prospects, piezoelectricity has emerged as one of the most
promising approaches for sensing and actuation in NEMS [10]. Recent
advances in piezoelectric miniaturization constitute a wide variety of
applications: nanoelectromechanical relays [11,12], energy harvesters
[13], and RF resonators [12].
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To date, the prevailing trends in NEMS research and development
have been dominated by out-of-plane structures due to the established
nanoscale surface micromachining fabrication techniques, such as out-
of-the-plane cantilevers [14,15]. In these structures, based on the out-
of-the-plane bending, a deposited layer of piezoelectric material on a
flat surface plays an integral role in the overall device’s output. Conse-
quently, substantial scaling of the surface area becomes unavoidably
interrelated with a compromise in the device’s overall performance
[16,17]. Moreover, this approach naturally limits possibilities for
fabricating nanoscale electromechanical circuits. In-plane motion more
naturally allows for the integration of nanoelectromechanical circuits,
such as switching [18] or precise control of surface-surface interactions
[19].

Traditional surface micromachining has been well-established on the
MEMS level providing robust processes with CMOS compatibility and
batch production capabilities. Even though nanobeam formation in sil-
icon has been comprehensively studied, traditional ‘top-down’ tech-
niques are not always fully transferable into in-plane nanotransducer
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Fig. 1. Overview of the NEMS AlN-based in-plane transducer. a) Isometric view, b) Cross-sectional view.

fabrication. Unlike the conventional piezoelectric MEMS/NEMS fabri-
cation, the in-plane structure necessitates a ’cavities-first’ approach,
where the first step is the etching of the Si device layer, which is then
followed by a substantial materials deposition on the vertical sidewalls.
While anisotropic dry etching techniques make it possible to form a
nanobeam in a silicon device layer with a reliable process and repro-
ducible structures [9], the need for patterned active piezoelectric ma-
terial on the sidewalls with integrated top and bottom electrodes
imposes certain limitations on deposition techniques or material selec-
tion. Within the research on piezoelectric M/NEMS, aluminum nitride
(AIN) has proven to be a very promising material for in-plane transducer
design due to its availability of various deposition techniques, and
CMOS compatibility. Moreover, advanced deposition methods such as
metal-organic-chemical-vapor-deposition (MOCVD) [20] and atomic
layer deposition (ALD) [21] allow the implementation of AIN layer on
vertical sidewalls, which plays a pivotal role in reaching the desired in-
plane transducer behavior [22].

However, some uncertainties arise towards the full integration of
highly efficient in-plane piezoelectric devices at the nanoscale. The first
crucial aspect of the scaling transition lies in the shift of influence from
volume-based interactions to surface-based interactions [23]. Even
though nanoscale forces such as Van der Waals and, in specific cases,
Casimir forces have already been measured experimentally, their prac-
tical usage has still not been widely exploited in NEMS design. The
proposed transducer concept is aimed to use these forces to imitate a
latching relay with a controllable stiction feature. Subsequently, the
coupling of in-plane motion, AIN deposition, and utilization of surface
interactions places strict NEMS design constraints such as the necessity
of parallel motion and the presence of contact area. Thus, the double-
clamped beam structure emerges as the most viable approach that
combines scaling opportunities with the potential for parallel motion.
Nevertheless, the introduction of piezoelectric materials, such as AIN,
brings forth additional challenges, such as the crystallographic orien-
tation and the piezoelectric response. The unpatterned AIN layer on the
fixed silicon beam proves ineffective in generating meaningful in-plane
displacement, as the material lacks the ability to contract along the
sidewall. Moreover, in order to exploit the correct contact behavior, the
parallel plate or in-plane motion must be maintained while minimizing
the out-of-plane component. However, by utilizing ALD deposition,
known for its conformal coverage, it is difficult to confine AIN growth to
the vertical surfaces leading to parasitic film growth and unwanted
deflection response. Another group of challenges lies in the nano-
fabrication techniques themselves, as conventional MEMS processing
methods may not be directly applicable to nanoscale dimensions [24].
For instance, the deposition of high-aspect-ratio layers on vertical
sidewalls prohibits the use of more traditional high-resolution
patterning techniques, such as lift-off.

In this work, by focusing on the nanofabrication of a piezoelectric

multilayer sidewall structure of the AIN-based in-plane transducer, we
aim to investigate the scaling mechanism behind in-plane piezoelectric
NEMS process integration. To unleash the potential of the proposed
structure, comprehensive finite-element modeling (FEM) was performed
in the COMSOL multiphysics (COMSOL) software package. Modeling
results consider nanoscale interactions such as Casimir Forces and utilize
them in the latching switch device realization. Furthermore, the AIN
nanotransducer structure was fabricated using EBL lithography and ALD
deposition techniques in the dimension ranges based on the modeling
results. Finally, the fabricated structure was characterized by focused
ion beam/scanning electron microscope (FIB/SEM) techniques with the
subsequent transmission electron microscopy (TEM) analysis of the
deposited and patterned thin films.

2. Piezoelectric transducer design

In order to comprehensively study the scaling prospects of MEMS
piezoelectric devices, the proposed transducer structure based on
piezoelectric thin film on vertical sidewalls is introduced. The potential
device’s configuration is based on a piezoelectric unimorph actuator and
consists of a double-clamped silicon beam with the sandwiched AIN
layer between the top and bottom metal electrodes. As depicted in Fig. 1
the structure breakdown reveals that AIN vertical thin films are isolated
from each other by means of the etched area in the middle of the beam.
This separation of piezoelectric thin films is pivotal in facilitating in-
plane parallel motion, a critical aspect of the device’s operation with a
beam structure. The deposition of aluminum and molybdenum for the
upper and lower electrodes, respectively allows potential differences
across the AIN layers when a voltage is applied. Two distinct design
solutions were implemented to investigate the challenges that emerge
during the transition of fabrication processes to the nanoscale. The first
one involved the utilization of a double-clamped beam structure. While
the traditional piezoelectric cantilever design with a single fixed end has
been widely established and proven effective, it lacks the capability to
facilitate parallel plate motion, which is essential for studying precise
nanoscale surface interactions [25]. Therefore, with the unpatterned
double-clamped beam structure, the only contribution to the displace-
ment is a strain generated from the non-fixed areas which could be only
on the top and bottom of the beam. Ultimately it results in almost the
absence of the desired parallel plate motion and necessitates a modifi-
cation, involving the removal of the central portion of the beam, thereby
leaving two AIN areas near the fixed ends. The second feature of the
proposed design concept is a flat stiction contact area separated from the
transducer beam with a narrow gap (20-200 nm). Notably, this structure
allows us to capture and study the complexities of the surface interaction
phenomenon. While AIN thin films on one side of the beam drive the
structure towards a fixed flat area, it is possible to observe the impact of
the stiction or even Casimir Forces on the transducer behavior.



A. Gabrelian et al.

Latching Cycle

Off/No Voltage

Bl Active Gap
20 nm

2

Beam in static position.
No Contact

Positive Voltage causesin-plane
deflection towards fixed surface

Materials & Design 244 (2024) 113116

Stiction No voltage/On Applied =V

Negative Voltage creates
deflection in opposite direction
to overcome stiction

At close proximity Casimir Forces
are strong enough to create
stiction even without applied
voltage

Fig. 2. The operational principle of the proposed NEMS-based latching switch.
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Fig. 3. Modeling of the NEMS in-plane AIN latching switch. a) Displacement Di

Ultimately, the utilization of surface forces can lead to completely novel
design approaches in NEMS. For instance, Fig. 2 demonstrates a pro-
posed design of a NEMS switch device. Initially, the switch is considered
to be in the “OFF” position: no voltage is applied, and the gap between
the fixed and movable area shows the open circuit condition. Then, by
increasing the applied voltage on AIN sidewall layers, the beam deflects
towards the contact area. At close proximity (<10 nm) jump-to-contact
effect occurs: surface interactions are strong enough to overcome the
beam’s elastic restoration force resulting in stiction contact even
without applied voltage on AIN. Eventually, to bring the beam back to
the initial state from the “On” position, the opposite voltage signal is
applied overcoming the stiction with the piezoelectric actuation and
elastic restoration force together.

3. Results and discussion
3.1. Modelling

In order to lay the groundwork for further transducer fabrication and
understand the set of scaling challenges, a comprehensive FEM
modeling was conducted. The simulations were performed in the
COMSOL Multiphysics software package. Fig. 3 depicts the model
breakdown with the introduced boundary conditions. As shown, the
silicon beam is fixed from both ends with the two separated AIN thin
film-based transducers. In turn, to reach the in-plane motion behavior of
the transducer it is required to orientate the piezoelectric layers
perpendicularly to vertical surfaces. This can be reached by means of
setting additional rotated coordinate systems for each dedicated AIN
layer, where the z and y axes are flipped on 90 degrees to imitate the
correct growth direction of AIN of vertical sidewalls. The AIN wurtzite-
type structure’s elastic-stiffness coefficients, acquired through experi-
mentation, are represented as a stiffness tensor matrix. With the stress-
piezoelectric constants, these anisotropic parameters are utilized to
define modelled material as a piezoelectric [26,27]. The model contains
a multilayer structure Si-Mo-AIN-Al, where the top surface of Mo serves
as ground potential with the voltage applied to the bottom border of Al
Surface interactions in the simulations are introduced by adding a
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contact boundary condition between moving and fixed areas, while the
Casimir Force is applied as a pressure to the contact area. Casimir Force
is set up with a distributive behavior through the contact area, having a
maximum at the tipping point and a minimum at the starting point of the
contact. It has already been reported that starting from the fundamental
Casimir Force equation (1) and culminating with the Lipschitz theory of
electrodynamic interactions, including material-specific corrections, it
is possible to reach relatively accurate estimations of the Casimir force
[28-31]. Similarly, as in Equation (1), the stiction force in the model
behaves as a gap-dependent pressure, where # is Planck’s constant
(h/2r), c is the velocity of light, and d is gap distance.

e

Simulation results showed that it is possible to couple piezoelectric
transduction with the surface physics at the nanoscale with the optimal
choices of dimensions. Through the transducer’s operation, the structure
is balanced between three different forces: surface attraction expressed
as Casimir force, elastic restoration of the deformed beam, and the
piezoelectric actuation. According to simulated results in Fig. 3a, with
the initial 20 nm gap, the jump-to-contact point, where Casimir Forces
are strong enough to create stiction, can be observed at 21 V. Moreover,
when the gap distance comes closer to 2-4 nm, the Casimir force be-
comes strong enough to overcome the elastic restoration of the beam. At
this point, we can assume that the moving beam’s surface will be in
contact with the fixed electrode even without applied voltage. In
contrast, to validate the capability of the proposed piezoelectric trans-
ducer in harnessing the latching feature of NEMS and ensuring
controlled jump-to-contact conditions, the opposite FEM study was
conducted. Specifically, we reduced the gap to the point of contact and
estimated the requisite voltage amplitude necessary to overcome stic-
tion effects. The results, as depicted in Fig. 3b, reveal that a voltage of 5
V is sufficient to break the Casimir stiction. Notably, this simulation
represents the worst-case scenario, as it does not account for elastic
restoration effects. Ideally, the pre-deformed cantilever will require less
voltage because elastic force will have the same direction as the
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Fig. 4. 3D-Modelling of the piezoelectric nanobeam with the double-clamped structure under applied 10 V (visual deformation amplitude is upscaled). a) In-plane
Displacement component. b) Out-of-the-plane displacement component. ¢) Displacement magnitude of the imitated ALD-deposited thick ALN film with the combined
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Fig. 5. Nanofabrication process of the in-plane AIN-based nanotransducer. Fabrication flow and SEM images of the key steps.

piezoelectric force.

One of the key guarantees of the correct latching operation cycle is
the near-perfect condition of the parallel plate motion. Any significant
additional displacement components complicate the jump-to-contact
effect caused by surface forces. In the proposed design, the main
drivers of the generated beam deflection are the piezoelectric tensors
(ds1, ds2), which are responsible for the stress generated perpendicular
to the applied electric field. However, a transducer’s structure mainly
determines the actuated piezoelectric nanobeam’s deflection behavior
and its bending direction. The unwanted out-the-plane motion compo-
nent is limited primarily by a significant difference between the two
geometrical aspect ratios: length to thickness (high - facilitates in-plane
motion), and width to thickness (low — prevents out-of-the-plane
bending). 3D-representation of the double-clamped beam modeling
shown in Fig. 4a and 4b depicts the comparison between the in-plane
and out-of-plane displacement components validating only a minor
presence of the unwanted z-axis deflection with almost no impact on the
contact area of the beam.

The model with the increased AIN thickness and combined

orientations from ALD has been simulated to bring the design concept
closer to the development stage of the fabrication process. Fig. 4c
demonstrates that the addition of unwanted growth components
together with the thicker AIN thin film results in a considerable reduc-
tion of the overall in-plane displacement amplitude. Fig. 4d illustrates
the cross-section of the modelled transducer area, where the AIN region
is divided into two domains with different crystal orientations: sidewall
c-axis orientation (dominant), and c-axis orientation from the bottom
area (unwanted). To imitate combined orientations, these two piezo-
electric domains have their own designated mutually perpendicular
coordinate systems.

Nevertheless, the overall transducer’s deflection keeps the desired
in-plane direction. Notably, the impact of the additional orientation and
unwanted growth should be minimized through the deposition and
patterning of the thinner AIN layer.

3.2. Fabrication

The piezoelectric sidewall in-plane nano transducer was fabricated



A. Gabrelian et al.

Materials & Design 244 (2024) 113116

Fig. 6. Cross-sectional STEM images of the fabricated nano AIN-based transducer and obtained SAED of the sidewall structure. a) STEM micrograph of the nano-
transducer’s cross-section (SiO,-Si-Mo-AIN-Al). b) Zoomed-in STEM cross-section showing AIN columnar growth on the sidewall. ¢) SAED pattern of the Si/Mo/AIN/

Al structure.

using a CMOS-compatible nanofabrication process, including a combi-
nation of electron-beam lithography and dry etching methods, as
depicted in Fig. 5. Traditionally the patterning of metal electrodes is
mostly concentrated around an out-of-the-plane design approach of
Piezoelectric NEMS devices [11,32]. This design allows to leverage the
lift-off technique in the patterning of metal and piezoelectric layers.
However, this method is not suitable, where high-aspect-ratio sidewall
structures play a crucial role. Instead, in the proposed transducer each
patterning step requires a complete etching process with the photoresist
mask.

Based on modelling results for transducer fabrication Silicon-on-
insulator substrate with 220 nm device layer of Silicon and 2 pm of
the buried oxide (BOX) layer was selected. Since the sidewall structure
involves the pattering of several layers with multiple masks, precise
alignment marks formation plays a pivotal role in the nanotransducer
process. There are two strategies to utilize alignment in EBL: 1) to have a
sufficiently high material (atomic number) contrast, and 2) to exhibit a
sufficiently high vertical surface topography (at least 2 um to be visible
at 100 kV electrons). The fabrication started with the second method to
fully take advantage of the utilization of SOI structure as depicted in
Fig. 5: a) Precise alignment marks cavities in Si device layer were etched
in cryogenic mode with SFg plasma through AR-P 6200 photoresist
mask; b) SiO2 BOX etching was performed in BHF solution to reach high
vertical surface difference; c,j) Nano-beam formation by cryogenic
plasma etching of Si device layer; d,k) 50 nm of the Mo was deposited by
stage tilting sputtering process to form uniform step coverage of the
bottom electrode; e,]) c-axis orientated AIN film was deposited through
atomic layer deposition (ALD) with in-situ atomic layer annealing which
previously showed significant crystal quality improvement of AIN on
vertical sidewalls [20]; f) 50 nm of Al was evaporated with stage tilting
process to form top electrode; g,m) etching of Al layer with the AR-P
6200 photoresist mask by combination of BCls and Cly plasma; h)
etching of AIN in Ar + Cl, plasma chemistry; i) bottom Mo layer was
etched by means of CF4 + Oy plasma process to form a complete
transducer structure.

3.3. Characterization

To systematically study the structure of the fabricated nano-
transducer, Transmission electron microscopy (TEM), Scanning trans-
mission electron microscopy (STEM), and selected area electron
diffraction (SAED) were used. Fig. 6 depicts both bright field (BF) STEM
micrographs as well as SADP. STEM analysis confirmed that the com-
bination of high-resolution EBL and dry etching techniques allows the
complete multilayer transducer structure on the vertical sidewalls. AIN
thin films on vertical sidewalls as a key structure in the proposed
nanoscale transducer design can be characterized mainly by the
following figures of merit: conformity and crystal orientation. Firstly,
the non-uniform AIN film on the vertical surface may result in parasitic
cross-talk between non-lateral motion, compromising the overall effi-
ciency of the device. As shown in Fig. 6b, conformal deposition allows
the piezoelectric thin film to coat and, furthermore, pattern complex
sidewall surfaces uniformly. When it comes to the AIN crystal quality,
the deposited thin film must keep the c-axis orientation perpendicular to
the underlying surface for the highest electromechanical coupling.
Fig. 6b shows that implemented ALD deposition with in-situ atomic
layer annealing allows to reach crystalline AIN with a columnar struc-
ture in the growth direction. Previously reported results have shown that
in addition to improvements by in-situ plasma annealing in the ALD
process, AIN crystal quality also strongly relies on the careful material
selection of the underlying layer. Thus, earlier observations revealed
that the best crystal quality of AIN was achieved on the Al layer with a
(111) orientation [20]. Ultimately, the presented STEM results
demonstrate that the integration of molybdenum into the nano-
transducer process could be driven not only by the fact that it is a
traditional electrode material but also by being a promising candidate
for achieving c-axis orientated AIN on vertical sidewalls. The SADP seen
in Fig. 6¢ shows that the AIN grown on the sidewall exhibits strong c-axis
preferential orientation perpendicular to the growth surface, necessary
for good piezoelectric response. The considerable thickness of AIN in
relation to the Si device layer (~120-140 nm vs 220 nm) played a vital
role in the presence of both equal components of 002 direction from the
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Fig. 7. TEM EDS maps of the SiO2 (BOX)-Si-Mo-AIN-Al material composition of the fabricated nanotransducer.

bottom and sidewall surfaces respectively.

Energy-dispersive X-ray spectroscopy (EDS) analysis was undertaken
to perform accurate mapping of the material composition on the side-
walls of the nanotransducer interface. Fig. 7 depicts the color maps of all
deposited and patterned materials. Results revealed that the planned Si-
electrode-AlN-electrode structure is reached on vertical sidewalls.
However, despite the fact that Al top electrode thickness is not uniform
around the patterned surface, the key sidewall area, which ultimately
will be utilized in the in-plane actuation, is present.

4. Conclusion

In summary, we propose to unlock the scaling potential of MEMS
through the innovative design, modeling, and fabrication of a nanoscale
in-plane-based transducer structure. To demonstrate the coupling of
nanoscale physics and the double-clamped beam structure with vertical
piezoelectric sidewalls we introduce the latching mechanism with the
controllable jump-to-contact phenomena. The conducted modeling
validates that the right balance between the active piezoelectric actua-
tion, elastic restoration, and Casimir forces culminates in the mechanical
switch behavior featuring controllable jump-to-contact/jump-oft-
contact conditions. Based on the modelling results, the nanotransducer
was fabricated utilizing a Si/Mo/AIN/Al material stack. The nano-
fabrication process reveals the successful realization of a multilayer
piezoelectric structure on vertical sidewalls on 220 nm device layer SOI
chips. The multilayer patterning involved separate steps for each dedi-
cated layer due to the incompatibility of the lift-off technique with the
in-plane structure. The deposition of AIN was conducted using the ALD
method with the in-situ plasma annealing, while by means of physical
vapor deposition the top and bottom electrodes were fabricated, Al and
Mo respectively. STEM characterization further underscores the prom-
ising quality of the c-axis orientation of the ALD AIN layer with the
distinguishable growth directions perpendicular to the sidewall and
bottom surfaces and demonstrates the potential of Mo as an underlying
layer. This study provides a promising approach towards broadening the
scope to full-scale in-plane NEMS integration.

5. Experimental section

FEM Simulation: FEM Simulation was performed in the COMSOL
Multiphysics software package with the Solid Mechanics and Electro-
statics modules. The beam dimensions: width — 200 nm, thickness — 250
nm, length — 8 pm, AIN layer thickness: 50 nm. Contact area width: 250
nm. The AIN elasticity and coupling matrices were assumed based on
experimental data [26,27], the mass density was p = 3300 kg m~>, and
the relative permittivity was & = 9. In-plane AIN orientation was
implemented through the built-in base vector system (XZ-plane). The
fixed boundary condition was applied to both sides of the beam, while

the contact pair was defined between the beam’s middle area and the
fixed contact surface. The potential difference was applied to the AIN
layer to create parallel motion and the Casimir Force was set up as a gap-
dependent pressure expressed by equation (1).

NanoTransducer Fabrication: 400 nm of AR-P 6200 EBL resist was
spin-coated to a SOI chip with 220 nm of device layer. The alignment
marks were patterned by a 100 keV EPBG5000pES EBL system with a
400 uC cm™2. Exposure was followed by a development in the AR
600-546 solution for 1 min and IPA for 30 sec. Si etching was performed
by inductively coupled plasma (ICP) cryogenic process with SFg and Oz
gases. Then 2 ym of buried oxide layer was removed in the 1:10 HF
mixture. For the beam formation, the same lithography + Si etching
steps were repeated. Then 50 nm layer of Mo was deposited by
magnetron sputtering with a 70 deg tilt, followed by ALD deposition of
AIN. ALD was done following the procedure described in previously
reported studies [20]. In turn, for the top electrode 50 nm of Al were
thermally evaporated. All further patterning steps utilized the same AR-
P 6200 photoresist mask with the mentioned before the EBL process.
Finally, three subsequent etching processes took place: 1) ICP etching of
Al in Cl, and BCl3 chemistry, 2) AIN layer was removed in Cl, and Ar ICP
process, 3) RIE etching of Mo in CF4 + O3 plasma.

STEM Characterization: First, the sample was prepared in the dual-
beam Focused ion beam SEM system JEOL JIB-4700F aiming at
electron-transparent lamella. Preliminary the additional layer of Plat-
inum was deposited upon crucial structure to enhance protection during
the Ga-ion milling process. Obtained lamella then was imaged in the
high-resolution JEOL JEM-2800 microscope.
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