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1. Introduction

As micro-electro-mechanical systems (MEMS) have evolved and matured over the
last few decades, they have impacted a broad range of technologies and application areas.
Very early in the development of MEMS, a high-Q frequency selective structure coupling a
mechanical beam to the gate of a field effect transistor was proposed and demonstrated [1].
The field has since grown to establish a class of devices collectively referred to as radio-
frequency MEMS (RF-MEMS), using micromechanical structures to manipulate electrical
signals across a range of radio and microwave frequencies. These devices offer widely
recognized advantages in a number of performance and use parameters; however, they
also present practical challenges in reliability and packaging that have led to slower-than-
expected commercial acceptance [2-5].

While there are a variety of uses for MEMS devices in RF and microwave applications,
the majority of RF-MEMS fall into two main categories: resonators, both acoustic and
mechanical [6-8], or switches and relays, both ohmic and capacitive [9-13]. These basic
components are building blocks enabling compact low-power tunable filters and phase
shifters essential in high-frequency systems [14-16].

It is likely that the period of below-expected market adoption experienced by RF-
MEMS through most of the field’s history is now in the past [17]. Thin-film bulk acoustic
resonator (FBAR) filters are well established as components in compact wireless systems,
and demand is expected to continue growing [18]. Through steady improvements in materi-
als and manufacturing [19], MEMS switches are moving towards increased integration [20]
and gaining wider acceptance and improved reputation for reliability and power handling
abilities [21].

2. Overview of Articles in Micromachines

RFE-MEMS continues to be an active field of research with new materials, devices,
and applications continually evolving in fields strongly overlapping with the scope of
the journal Micromachines. Demand for multi-standard communication systems requires
performance that can only be achieved through use of MEMS technology, and it is driving
exciting research developments.

Due to both performance and processing characteristics, aluminum nitride (AIN)
has been the preferred material for thin-film bulk acoustic resonator (FBAR) devices [22].
However, since Akiyama et.al. found that Scandium-doped AIN films could provide
improved piezoelectric response [23], there has been great interest in developing fabrication
processes that can leverage techniques already used for AIN-based devices.

The use of Sc-doped AIN as a piezoelectric material in radio-frequency MEMS ap-
plications is described in [24]. In addition to the improved piezoelectric coefficients, the
ferroelectric-switching capability of Aluminum Scandium Nitride (Al;_4ScxN) creates the
possibility of integrating memory functionalities in RF components. Material properties still
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require some improvement, but there are a range of deposition parameters to be explored.
In this work, the effect of RF substrate bias is investigated as a tool to help in engineering
the Al;_4ScxN lattice cell in order to modify leakage, breakdown, and coercive fields, as
well as polarization charge.

The introduction of new materials can disrupt established fabrication process flows,
and the successful adoption of a material often depends on related process challenges. In the
case of Alj_4ScxN thin films, resistance to etching at high scandium content has impeded
the realization of devices with the highest electromechanical coupling. Relationships
between scandium content and etching characteristics are explored in reference [25]. This
work investigates the vertical and lateral etch rates of sputtered AIN and Al;_,ScxN with Sc
concentration x ranging from 0 to 0.42 in aqueous potassium hydroxide (KOH). Etch rates
and the sidewall angles are reported at different temperatures and KOH concentrations.
While the vertical etch rate is found to decrease with increasing Sc alloying, the lateral
etch rate exhibits a V-shaped transition with a minimum etch rate at x = 0.125. Etch profile
control is also explored by exploiting crystal-plane selective etch rates in KOH.

Application of piezoelectric materials such as AIN to radio-frequency filters depends

on the key parameter of effective electromechanical coupling coefficient k‘z-f s In refer-

ence [26], the authors propose a method to tune kg £t of a FBAR by etching the piezoelectric
material to form a trench around the active area of the resonator. The trench parameters are
investigated through both finite element modeling and fabricated devices. A circuit equiva-
lent model is also presented for comparison to the physical model and measured results.
This work suggests an approach to tuning k ff of resonators to satisfy filter requirements.

While FBAR devices have been widely used in filters for wireless systems, mechanical
beam resonators have found applications typically at lower frequencies. Reference [27] ex-
amines, through simulation, a technique to improve the figure of merit of laterally vibrating
RE-MEMS resonators. The technique uses a suspended addendum frame on the sides of
the resonant plate acting as a mechanical vibration isolator from the supporting substrate.
This enables the resonator to have low acoustic energy loss and a high quality factor.

Perhaps the most widely recognized RE-MEMS component is the micromechani-
cal switch. While extensive research and development has gone into switch technology,
it continues to evolve and improve. This includes improvements in materials, design,
and packaging.

The design of an RF-MEMS device is a complex process, combining high-frequency
electromagnetic design with electromechanical design, process design, and package or
test-fixture design. Reference [28] describes a design methodology applied to the design
of two single-pole single-throw switches intended for 5G wireless applications. The pa-
per describes in detail the design flow including the choice of materials, simulation of
electromechanical and RF behavior, device fabrication, and testing.

In reference [29], a high-isolation and high-capacitance-ratio RE-MEMS switch work-
ing at Ka-band is demonstrated. The proposed RF-MEMS switch configuration incorporates
a MEMS metallic beam, coplanar waveguide (CPW) transmission line, dielectric layer, and
metal-insulator-metal (MIM) fixed capacitors. The measured results show insertion loss
better than 0.5 dB at 32 GHz, and isolation better than 35 dB at the resonant frequency with
a switched capacitance ratio of 246.

While switch reliability has greatly improved since early implementations, this is
still an active area of research. Reference [30] explores thermal effects in an RE-MEMS
switch structure. In this paper, the Thermal-Mechanical-Stress-Creep (TMSC) effect during
thermal processes from room temperature to 200 °C is modeled and measured for a Au-
cantilever-based RF-MEMS switch. The authors describe isolation measurements that
enable the extraction of capacitance and gap with attofarad and sub-nanometer resolution,
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respectively. The study looks at the thermal-mechanical stress in both anchor and cantilever,
the grain growth of gold, and the thermal creep, which create competing effects during the
heating and cooling of the cantilever.

One of the most important applications of RE-MEMS is in dynamically tunable filters.
Reference [31] describes a bandpass filter based on a CPW capacitive switch. In this imple-
mentation, switch actuation couples a signal to a resonant ring providing the frequency
selectivity. The authors discuss the benefits of compact size and good stopband rejection,
insertion loss, and return loss provided by the integrated RE-MEMS filter.

In most applications, MEMS switches are integrated with additional passive compo-
nents to enable more complex functions. Reference [32] describes an X-band phase detector
implemented using a MEMS beam capacitor to couple power to a thermoelectric detector.
This is not a conventional switch, but it does share many similar design requirements and
illustrates potential for broad application and integration of RF-MEMS in monolithic mi-
crowave integrated circuits (MMICs). The phase detector described in this work considers
the variable coupling due to actuation of the beam under RF power, and demonstrates
superior power-handling and detection linearity while enabling a high level of integration.

Electronics research has begun to pursue printable, flexible, and conformal electronic
technologies to enable wearable devices, the integration on curved surfaces, and a reduced
environmental footprint. Most of these applications will benefit from wireless connections,
and the integration of MEMS and RF-MEMS can support this capability. Reference [33]
offers a review of advances in flexible RF-MEMS including switches, phase shifters, recon-
figurable antennas, phased array antennas, and resonators. The authors discuss some of
the challenges involved in accommodating flexible substrate deformation with the mov-
able structures used in RF-MEMS. In addition, a fabrication process for reconfigurable
three-dimensional RF devices based on mechanically guided assembly is introduced. The
paper offers a useful reference source on advances in flexible RF-MEMS for researchers in
this field.

3. Conclusions

Advances in RF-MEMS in recent years have been driven by improvements in materials,
manufacturing techniques, integration with CMOS technologies, and the growing demand
for more flexible, compact, and high-performance RF components. These advances have
enabled the development of smaller, more reliable, and power-efficient systems that are es-
sential to modern communication, defense, and aerospace technologies. This summary has
reviewed only a sample of the interesting RF-MEMS research appearing in Micromachines;
new papers in this field are continually appearing. It will be exciting to watch the contin-
ued evolution of MEMS with future applications involving even greater integration with
emerging technologies, including advanced wireless, artificial intelligence and quantum
communication systems.
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