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Abstract: Microelectromechanical systems (MEMS) that are based on flexible substrates are widely
used in flexible, reconfigurable radio frequency (RF) systems, such as RFE MEMS switches, phase
shifters, reconfigurable antennas, phased array antennas and resonators, etc. When attempting
to accommodate flexible deformation with the movable structures of MEMS, flexible RF MEMS
are far more difficult to structurally design and fabricate than rigid MEMS devices or other types
of flexible electronics. In this review, we survey flexible RF MEMS with different functions, their
flexible film materials and their fabrication process technologies. In addition, a fabrication process
for reconfigurable three-dimensional (3D) RF devices based on mechanically guided assembly is
introduced. The review is very helpful to understand the overall advances in flexible RF MEMS, and
serves the purpose of providing a reference source for innovative researchers working in this field.
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1. Introduction

Driven by the exponential growth in wireless data usage around the globe [1], wireless
communication technologies and network capacity are advancing at unprecedented speeds.
For consumer communication electronics with high integration and miniaturization, there
is an urgent demand for lightweight and reconfigurable communication component sys-
tems that can arrange antennas and other RF-integrated circuits within them in order to
cover more frequency bands in a limited compact space [2]. Based on common design
methods, there is almost no spare space for RF components that are compatible with more
frequency bands for the latest 5G (fifth-generation) mobile smartphones using highly in-
tegrated antennas [3]; however, the miniaturized, flexible, reconfigurable RF technology
provides a promising solution to this challenge [2,4]. The concept of flexible electronics
that has the advantages of being flexible, miniaturized and highly integrated is a charm-
ing technology, which has unique technical advantages in application scenarios such as
bio-integrated electronics and complex structural surface conformal integration. Whether
applied to signal monitoring in biological systems [5-7], or in conformal applications [8,9],
integrated systems for flexible electronics can sense and collect massive amounts of infor-
mation. The real-time transmission of conformal information in these systems places high
demands on flexible wireless transmission systems. Miniaturized, highly integrated, flexi-
ble RF components act as an essential link between the signal sensing and external wireless
communication systems described above, in order to satisfy the demands of multi-band
integrated transmission; such flexible RF systems are generally reconfigurable. Figure 1a,b
demonstrate the concept of a scalable RF system used to communicate wirelessly with the
body [10], and an epidermal near field communication (NFC) antenna for neonatal monitor-
ing that can be attached to areas of large skin deformations that result from wrinkling [11],
respectively. As a typical complex, curved structure monitoring application, large area,
multi-functional Flexible Smart Skins with conformal antennas and integrated sensors [12]
are shown in Figure 1c.
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Figure 1. Application requirements of reconfigurable, flexible RF devices in flexible conformal elec-
tronics. (a) The concept of a scalable RF system is to communicate wirelessly with the body [10],
Reprinted /adapted with permission from Ref. [10]. 2022, Elsevier. (b) An NFC antenna for neonatal
monitoring, which can be attached to areas of large skin deformation that result from wrinkling [11].
(c) Large area, multi-functional Flexible Smart Skin with conformal antennas and integrated sensors [12].

RF MEMS refers to RF devices and systems manufactured for communication and
information processing that are based on MEMS processing technology. Compared with
traditional RF microelectronic devices, RF MEMS have the following advantages: minia-
turization, light weight, low insertion loss, high isolation, short response time, strong
integration capabilities, etc. These excellent characteristics are particularly suitable for
the use of high integration and reconfigurable application scenarios [13]. MEMS devices
based on flexible substrates are widely used in flexible RF systems and their reconfig-
urable systems, such as flexible RE MEMS switches, phase shifters, reconfigurable antennas,
phased array antennas, flexible resonators, etc. Despite their excellent performance and
wide application, considering the compatibility of flexible deformation with microsystems
with movable structures, flexible RE MEMS are far more difficult to structurally design
and fabricate than rigid MEMS devices or other types of flexible electronics. In order to
deepen the research and understanding of flexible RF MEMS, it is necessary to sort out
their functions, structural design, fabrication processes, materials and characteristics, etc.

Table 1 shows a comparison of recent literature reviews on RF MEMS, or flexible
MEMS. It can be seen that there are many reviews on RF MEMS which cover their research
progress in various application fields; however, these RF MEMS are basically rigid. As for
flexible MEMS, most of the existing reviews focus on flexible MEMS actuators, sensors,
fabrication processes and materials, etc., and there are no reviews on the progress of flexible
MEMS in RF applications. Therefore, a comprehensive summary of the research progress
of flexible RF MEMS is of great significance, in order to fill in the gaps that exist in this
research field.
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Table 1. Comparison of RF MEMS/Flexible MEMS reviews.
. Rigid or .. Substrate .
Review Theme Flexible Application Materials Structural Materials Year Ref.
RF MEMS Rigid MEMS Switches in Different o /65 /a6 Metal 2018 [14]
Frequency Bands
RF MEMS Rigid Piezoelectric MEMS Si Piezo 2021 [15]
Resonators
Metal/Piezo/Carbon-
.. Carbon-Based .
RF MEMS Rigid MEMS,/NEMS Si Basgd 2011 [16]
materials
.. MEMS/NEMS Electrostatic . .
RF MEMS Rigid Actuation Stability Si Si/Metal 2014 [17]
.. RF MEMS Switch with Low .
RF MEMS Rigid Electrostatic Drive Voltage Si Metal and Carbon Alloy 2013 [18]
.. COMS Compatible Passive Si/SOI (Silicon- .
RF MEMS Rigid RF Devices on-Insulator) Si 2016 [19]
RF MEMS Rigid Integrated Magnetic MEMS Si Magnetic Metal 2014 [20]
Relays
I Electrostatically driven . . .
RF MEMS Rigid NEMS Switches Si/SOI Si/SiNy /SiC/Metal 2018 [21]
. . Mechanical Effects on RF . .
RF MEMS Rigid MEMS Switches Si Si/Metal 2020 [22]
Micro-machining of
RF MEMS Rigid Silicon-based MEMS Si/SOI1/SiC Si/Metal 2021 [23]
Resonators
RE MEMS Rigid Electrothermal MEMS Si Metal/Si/CNT (carbon 2019 [24]
Actuators nanotube)
.. RF MEMS Performance . .
RF MEMS Rigid Drift Reliability Problems Si/Glass Si/Metal 2016 [25]
RF MEMS Switch
RF MEMS Rigid High-Performance Material ~ Si/Glass/GaAs/SOIL Metal 2021 [26]
and Manufacturing Method
RF MEMS Switch Principles,
RF MEMS Rigid Characteristics and Si/Glass/GaAs Si/Metal 2014 [27]
Requirements
RF MEMS Rigid RF MEMS Inductor Si/Glass Si/Metal 2017 [28]
Performance
Reconfigurable
RF MEMS Rigid Metamaterials and Si/Quartz Si/Metal 2014 [29]
Antennas Based on MEMS
.. RF MEMS Switch with . .
RF MEMS Rigid Different Driving Principle Si/Glass/SOI Si/Metal /PZT 2020 [30]
Application of Gold
RF MEMS Rigid Materials in RF MEMS LaAlO3 Au 2016 [31]
Membranes
Structure, actuation
RF MEMS Rigid methods, contact types of Si Metal 2021 [32]
RF MEMS switches
. PVA-
Flexible MEMS ~ Flexible Flexible MEMS PET/PI/PDMS/Si  H3POj/Tonogel/Metal/ 2016 133]
Supercapacitors CNT
. . MEMS Direct Write . Polymer/Metal Nano )
Flexible MEMS Flexible Fabrication Technology Si/Polymer Composites 2017 [34]
Flexible MEMS Flexible MEMS-Based Flexible Skin Polymer/Si/ Metal/Polymer/Si 2013 [35]
MEMS Electromagnetic
Flexible MEMS Flexible Actuators for Biomedical PMNII;;/YI;EXS/PI/ PZT/Metal/Magnetic Metal 2020 [36]

Applications
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Table 1. Cont.

Rigid or

Substrate

Review Theme Flexible Application Materials Structural Materials Year Ref.

. . Flexible MEMS Tactile . .
Flexible MEMS Flexible Sensors for Robots Si/PVDEF/Kapton Metal /PZT /SiNy 2017 [37]
Flexible MEMS ~ Flexible Flexible Capacitive MEMS  ppr py/paper/si PDMS/ITO/Metal/ 2021 [38]

Pressure Sensors Graphene

. . MEMS of Polymers as PDMS/PVDE/LCP/

Flexible MEMS Flexible Structural Materials PDMS/PI/PET SU-8,/Epoxy Composites 2018 [39]
. PDMS/
Flexible MEMS ~ Flexible Polymer MEMS Processing  pp 1o /pp /pET/si SU-8,/P1/ 2016 [40]
Technology
Parylene C
Flexible MEMS Flexible Rigid MEMS Flexible Trends Polymer/Si PZT/Graphene/Metal /Si 2020 [41]
Mechanically Driven
Flexible MEMS ~ Flexible Reconfigurable PDMS/SU-8/ Metal /SU-8/PDMS 2021 [42]
PMMA /Si
Metasurfaces
Microthermofluidic Systems
Flexible MEMS Flexible for PDMS/PI/PET/PP  PDMS/PI/PET/PP/PZT 2022 [43]
Biochemical

. . MEMS-Based Cantilever PZT/Metal/ =
Flexible MEMS Flexible Biosensors PDMS SiO,/PEDOT:PSS/PDMS 2019 [44]
Flexible MEMS ~ Flexible Flexible MEMS Sensors - PDMS/PI/PET/ Metal /PZT/Si 2019 [45]

and Devices Kapton

The purpose of this review is to provide valuable references for the structural designs
and performance improvements in flexible RF MEMS based on the achievements of the
past 30 years. In the Section 2, the research progress of flexible RF MEMS with different
functions, mainly in switches, phase shifters, reconfigurable and phased array antennas
and resonators, is discussed. The third part introduces the flexible film materials used in
flexible RF MEMS, including polymer materials, thinned rigid substrates and structural
materials. Reasonable structural design and material selection can ensure the integrity of
the structure and function. The Section 4 arranges the sorts of processing means for flexible
RF MEMS, including modified surface MEMS processing, the transfer printing fabrication
method of flexible electronics and printing technology based on additive manufacturing. In
the Section 6 of this paper, the flexible reconfigurable 3D RF devices based on mechanical
self-assembly and mechanically triggered switches are discussed. Flexible deformation is
not only a factor that limits the performance of such flexible 3D RF devices; it is also applied
to the entire process of device fabrication and operation, which is a different development
strategy from the aforementioned flexible RF MEMS. The development trends in flexible
RE-MEMS are prospected. This paper aims to provide reference for the research conducted
in this field.

2. Flexible RF MEMS with Different Functions

At present, some progress has been made in the research of various functional flexible
RF MEMS, mainly in flexible RF MEMS switches [46-75], phase shifters [76-78], recon-
figurable antennas [78-86] and phased array antennas [87-90] based on them, in MEMS
resonators [91-103], frequency selective hyper surfaces [104], etc.

2.1. Flexible RF MEMS Switches

As the basic unit of flexible RF MEMS, research in switches has received the most
attention. In order to understand the research progress related to flexible MEMS switches
more clearly and intuitively, the technical summary of flexible RF MEMS switches is given in
Table 2, mainly including substrate materials, structural materials, structural characteristics,
manufacturing processes, etc.
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Table 2. Summary of flexible RF MEMS switches.

Substrate

Substrate Structural

Materials Materials Features Fabrication Processing Year Ref.
LCP Al Cantilever Beam Surface MEMS Processing 2003 [47]
PET Si Double-Clamped  Surface MEMS Processing 2008, 2007 [48]
LCP Au Double-Clamped  Surface MEMS Processing 2004 [49]
LCP Cu, Au D(’L‘g’llfl')ii?g:d' Surface MEMS Processing 2007, 2005, 2008 [54-56]
LCP Cu, Au Double-Clamped Surface MEMS Processing 2015, 2016, 2020 [57,66]

PDMS Au Pneumatic Surface MEMS Processing 2012 [58]
PI Ag Cantilever Beam Printed 2015 [60]
FR-4 Au Double-Clamped Transfer Processing 2006 [63]
Kapton Ag/PEDOT:PSS Double-Clamped Printed 2018 [64]

As early as 2001, a reconfigurable conformal antenna based on MEMS and flexible
membranes has been proposed for the application of space-based radar [46]. Using ad-
vanced MEMS and packaging technology, the antenna and the electronics under the ground
plane can be folded or rolled together with the flexible substrate. The reconfigurable an-
tenna based on MEMS switching can switch between two broadbands, S-band and X-band,
at a driving voltage of less than 10 V. Although this achievement does not use a fully
flexible MEMS structure, it creates a precedent for the research and application of flexible
RF MEMS.

Wang et al. [47] developed a cantilever membrane beam RF MEMS switch that was
supported by two fixed-free beams integrated on a liquid crystal polymer (LCP) flexible
substrate. Wang et al. [49] developed an air-bridge coplanar waveguide (CPW) switch
based on LCP, which can integrate 3D RF front-end reconfigurable architecture on LCP.
The research also shows that LCP-based switches can be used as a low-cost or enhanced
performance alternative to silicon-based RF MEMS switches. For this LCP switch, the
actual measured pull-down voltage is 25 V. When the switch is active, the isolation is about
20 dB at 20 GHz, while the corresponding return loss is about 0.1 dB. When the switch is
in the UP position, the insertion loss is about 0.08 dB at 20 GHz, while the corresponding
return loss is 18 dB. These findings initiated the study of flexible RF MEMS. Patil et al. [48]
fabricated thin film MEMS micro-beams on a 250-micrometer-thick flexible polyethylene
terephthalate (PET) film; their properties in the manufacturing state and after substrate
bending were evaluated, as shown in Figure 2a,b. Bending states of the substrate show that
16.6% of the devices can withstand 1.25% tensile strains, while a larger number of devices,
50%, can withstand a higher compressive strain of —2.5%. Thin-film silicon beams prepared
on polyethylene terephthalate (PET) substrates demonstrate resonance frequencies of up to
2 MHz and quality factors values of about 500 when measured in a vacuum.
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Figure 2. (a) Thin-film silicon beam on a PET film [48] Reprinted /adapted with permission from
Ref. [48]. 2008, Elsevier. (b) Influence of substrate bending on device function [48] Reprinted /adapted
with permission from Ref. [48]. 2008, Elsevier.

Han et al. [57,66,67] proposed an RF MEMS switch fabricated onto a flexible LCP
substrate, and studied the influence of substrate bending on the mechanical properties of
the switch; a spring-like double-clamped CPW switch was fabricated, as shown in Figure 3a.
For the designed flexible switch, a substrate bending modeling method is proposed in this
study. Theoretical analysis is carried out in combination with simulation and measurement.
Han et al. [67] proposed multi-physical characteristics models based on substrate bending,
including the static structural, dynamic structural and microwave characteristic models
of double-ended fixed beam switches that are based on substrate flexible deformation.
Through simulation and experiment, it was revealed that the driving voltage and response
time of the switch are inversely proportional to the increase in bending curvature of the
substrate. With an increase in substrate curvature, the microwave performance of the
switch becomes worse in the ON state. The switch driving time and reflection loss 511
measured under different curvatures are shown in Figure 3b,c [67]. Han et al. [69] proposed
a flexible V-shaped beam thermal actuator switch, and analyzed its driving characteristics
under bending conditions.

John and his team [55-57] designed and fabricated a flexible MEMS switch with
packaging, and characterized the moisture and water resistance characteristics of the
switch with its packaging structure. The sealing quality was tested by submerging the
encapsulated switch in 60 °C water for 24 h. The measurement after soaking indicated that
the bonding technique was successful. The fabricated switch used in the packaging process
is shown in Figure 4a [77]. The flexible RF MEMS switch encapsulated in LCP substrate is
able to function normally for 30 min at 85 °C and at 85% relative humidity, indicating that
this packaging technique can withstand a certain degree of moisture exposure.

Takao and his team [53,71-73] combined the advanced printing technology and flexi-
ble MEMS technology to develop a large-area wireless power delivery system on polyimide
(PI) films. Complementary circuits that integrate flexible MEMS switches and organic
transistors make large-area, flexible and high-power-density applications realized. Since
all components of this wireless transmission system are made on plastic film, it is conve-
nient to put the wireless power delivery board on tables, floors, walls and many other
possible locations.
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Figure 3. (a) Spring-like beam electrostatically actuated flexible RF MEMS switch [67]. (b) Measured
driving time [67] and (c) reflection loss S11 [67] of the switch measured under different curvatures.
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Figure 4. (a) Fabricated MEMS switch and phase shifter based on LCP substrate used in the packaging
process [77] Reprinted /adapted with permission from Ref. [77]. 2005, IEEE. (b) Miniaturized, low-
loss 4-bit flexible RF MEMS phase shifter [78] Reprinted /adapted with permission from Ref. [78].
2006, IEEE.

2.2. Flexible RF MEMS Phase Shifter

The RF MEMS phase shifter is an integral component in radar and communication
systems. Recently, flexible phase shifters based on MEMS switching have made some
research achievements. John's team [77] proposed the use of an MEMS phase shifter on
flexible substrate for the first time. In order to apply the bias voltage that drives the MEMS
switch, a radial stub is designed on each of the two signal lines, as shown in Figure 4a [77].
The measurement results of a two-position MEMS phase shifter show decent performance.
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At the design frequency, the return loss is about 22.5 dB, while the insertion loss is about
0.98 dB. The phase error is 1.26°, centered on the design frequency.

On the basis of this research, John’s team [78] proposed a miniaturized, low-loss 4-bit
phase shifter, which was integrated into an all organic package, as shown in Figure 4b [78].
Furthermore, John's team [76] presented a miniaturized, low-voltage X-band phase shifter
integrated in a multi-layer organic package with a single-pole four-throw (SP4T) MEMS
switch. The multi-layer LCP fabrication processing technology is compatible with low-cost
and lightweight circuits, and can easily be integrated and packaged with other types of RF
front-end components, such as antennas.

As an important component of reconfigurable RF systems, phase shifters are often
used to integrate with antennas. Nickolas et al. [80] proposed a reconfigurable RF MEMS
phased array antenna that was integrated into an LCP system package, which consisted of
an LNA, MEMS phase shifter and patch antenna array. The RF MEMS phase shifter used
here is a pair of single-bit phase shifters that were fabricated on an LCP substrate in order
to provide beam steering for the antenna.

2.3. Flexible RF MEMS Antenna

Due to the outstanding “off” state isolation of MEMS switches, the placement of
additional switches has little effect on these devices. This technology is well suited for
devices or systems that require significant reconfigurability; moreover, they can withstand
small increases in size that come with add-on switches, such as reconfigurable antennas.
Nickolas et al. [83] presented a CPW-fed gasket monopole antenna with a three-order
iterative Sierpinski structure to reconstruct the antenna by controlling the different MEMS
switch states, as shown in Figure 5a [83] and Figure 5b. Different parts of the reconfigurable
antenna geometry are activated and disabled sequentially by adjusting the direct current
(DC) voltage at the RF feed. This design avoids setting a DC bias line at each MEMS switch,
simplifies the antenna structure and improves the RF characteristics of the antenna. The
reconfigurable device does not employ any additional bias circuit to actuate the switches,
and the antenna has excellent radiation characteristics of four main resonant frequencies.
Such a design based on MEMS switches can reduce losses in the antenna.

@1 ¢ (b)

25mm)|

4
Z(L—' X  Tlom Switch 3 Switch 4

Figure 5. (a) Photograph of the fabricated reconfigurable antenna with MEMS switches [83]
Reprinted /adapted with permission from Ref. [83]. 2007, IEEE. (b) Varieties of fabricated MEMS beams.

Nickolas et al. [80] proposed an RF MEMS-integrated phased antenna based on a
flexible organic substrate. The integrated phased antenna system is mainly composed of a
patch antenna array, RF power distribution network, phase shifter and low noise amplifier
(LNA). Patch antennas are used to receive radiation signals. LNAs provide signal amplifi-
cation function. RE MEMS phase shifters based on LCP control the phase of microwave
signals. When the LCP substrate thickness is 100 um, the loss on the transmission line is
0.375 dB/cm. The total length of the feedback network is 10.04 cm and the total loss is
3.77 dB, of which 0.34 dB is from the phase shifter. Each switch yields an additional 0.2 dB
loss. The design uses LCP material as the substrate plate and packaging material, which
helps this system achieve miniaturization, low cost, low losses and high flexibility, and
enables it to meet the customization of all sizes of equipment. Wang et al. [79] presented
an antenna array with dual frequencies and dual polarizations based on multi-layer LCP
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technology. Two 2 x 2 arrays operating at 14 and 35 GHz have been designed. These
antenna arrays can be integrated with 3D RF components, including integrated circuits,
filters and embedded passives to achieve a complete RF front end system all contained in a
single package.

There are also some flexible reconfigurable antennas based on MEMS switches that
are applied to various conformal application scenarios, such as reconfigurable and confor-
mal patch antennas [82], reconfigurable and conformal patch antennas for body wireless
communications [84], reconfigurable antennas based on RF switches in satellite commu-
nications [85], and reconfigurable antennas on flexible substrates for X-band [86], flexible
lightweight multi-layer 16 x 16 antenna arrays [89]. However, these reconfigurable confor-
mal antennas are not completely flexible systems, in which the MEMS switch is integrated
with a rigid substrate; however, thanks to the small size of the switch, it has little impact on
the flexible application of the entire antenna array.

2.4. Flexible RF MEMS Resonator

Micro resonators are widely used MEMS devices in RF filtering, timing, motion
sensing, stress sensing, chemical sensing and other fields. The mature process of micro
resonators is based on silicon substrates, but in recent years the fabrication process and
applications of micro resonators based on glass and polymer substrates have attracted
growing attention.

Kang et al. [93] proposed a thin-film bulk acoustic resonator (FBAR) structure with
cantilever beam based on an ultra-thin flexible silicon wafer; its structure and scanning
electron microscope (SEM) images are shown in Figure 6a,b [93]. In this structure, the
substrate is made flexible by reducing the thickness of silicon wafer to 50 um, as shown
in Figure 6c¢ [93], and then the membrane beam structure is realized by using a reactive
ion etching (RIE) process. The device is fabricated via the standard MEMS process, with
high machining accuracy and good device performance. However, the thinned silicon
wafer can only withstand a small amount of bending deformation with its poor ductility.
Petroni et al. [92] first proposed the preparation of a flexible micro cantilever that uses alu-
minum nitride (AIN) as a piezoelectric (PZT) thin active film based on a flexible polyimide
(PI) substrate. Due to the residual stress of the multi-layer metal sandwich structure on the
PI, the flexible cantilever is bent downward. The flexible cantilever mechanical behavior is
studied using piezoelectric response measurement. The first resonance frequency obtained
from the experiment is about 15 kHz. Pestana et al. [91] fabricated the double-clamped
and cantilever resonators using a thin silicon layer structure on the 10-micrometer PI film
through the manufacturing method compatible with the standard surface MEMS process-
ing technology. The 10-micrometer-thick PI substrate strip of resonators is mounted on a
printed circuit board (PCB). The reliable process of flexible thin film silicon micro resonators
was successfully developed, and no structural damage was found when the flexible micro
resonator was subjected to slight flexible deformations.
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Membrane (Si;N,/Si0./ SisN,)

Figure 6. (a) Structure and (b) SEM of an FBAR based on an ultra-thin flexible silicon substrate [93]
Reprinted /adapted with permission from Ref. [93]. 2005, Elsevier. (c) Fabricated thin FBAR of
wafer level with flexibility [93] Reprinted /adapted with permission from Ref. [93]. 2005, Elsevier.
(d) MEMS resonant cantilevers based on flexible PI film [92] Reprinted /adapted with permission
from Ref. [92]. 2012, Elsevier.

Yu et al. [96] reported the development of flexible surface-integrated FBARs fabricated
on PET substrates, and proposed a novel filter structure with high performance. The
flexible deformation of the surface FBARs under bending conditions was studied. The
results showed that the resonant frequency of the FBARs is 1.2 GHz, and the effective
electromechanical coupling coefficient is around 4.7%. The filter-like design increased the
FBAR'’s quality factor from 19.6 to as high as 164.2, and the devices can still function well
after being subjected to hundreds of large-angle bends. Jiang et al. [94] fabricated an air-gap
thin film PZT MEMS resonator with a frequency of 2.6 GHz based on a PET substrate. The
fabrication process combines transfer printing and hot-embossing in order to prepare the
unsupported structure. Figure 7a [94] shows the image of the thin resonator on the flexible
substrate in addition to the local microscopy view of the cavity structure of the resonator.
SEM images of the cavity formed on the adhesive by a hot-embossing process, the anchor
structure of connection between the FBAR and the silicon substrate, the anchor structure
remaining on the silicon wafer after the transfer processing, and the FBAR transferred onto
the flexible substrate adhesive are all shown in Figure 7b [94]. The quality factor of the
flexible resonator is 946, and the effective coupling coefficient is 5.1%. Its high performance
still remains under a flexible bending deformation of 1 cm.

Jiang et al. [98] presented a flexible-film REF filter based on FBAR structure, whose
central frequency is 2.4 GHz and which consists of five cavity type FBARs. Each FBAR
is composed of AIN PZT thin film sandwiched between two thin-layer electrodes. The
microscope image of the flexible filter and its bending picture attached to the surface of
the glass rod are shown in Figure 8a [98]. SEM images clearly show the key unsupported
microstructures in the manufacturing process, as shown in Figure 8b [98]. The filter has a
peak insertion loss of —1.14 dB, and a 3-decibel bandwidth of 107 MHz. During bending
tests with a bending radius of 2.5 mm and after 100 bending cycles, the electrical properties
of the filter did not degrade, and the mechanical integrity was not damaged, as shown in
Figure 8c,d [98].
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Figure 7. (a) Image of a flexible substrate carrying thin film resonators and local microscopy images
of the resonator cavity [94] Reprinted /adapted with permission from Ref. [94]. 2017, AIP Publishing.
(b) SEM image of the details of the flexible resonator [94] Reprinted /adapted with permission from
Ref. [94]. 2017, AIP Publishing.
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Figure 8. (a) Microscopic images of the flexible filter and the bent flexible filter [98] Reprinted /adapted
with permission from Ref. [98]. 2018, John Wiley and Sons. (b) SEM images of the flexible filter [98]
Reprinted /adapted with permission from Ref. [98]. 2018, John Wiley and Sons. (c¢) Transmission (521)
and (d) reflection (S11) performances of the flexible filter [98] Reprinted /adapted with permission
from Ref. [98]. 2018, John Wiley and Sons.

As a continuation and improvement of the above research, Zhang et al. [100] intro-
duced a flexible FBAR that can withstand large bending deformations, and designed the
FBAR structure in the neutral layer between two polyimide films in order to strictly meet
the requirements of bending deformation. The exploded diagram of the flexible device,
the diagram of the FBAR embedded in the double-layer PI film, the SEM image of the
FBAR with the bottom cavity structure, and the photos of the flexible FBAR conforming
to the surface of the cylinder with a radius of 4 mm are all shown in Figure 9a—d [100].
Cavities were created above and below the resonator in order to provide space for the
free mechanical movement of the resonator structure. The flexible FBARs have a resonant
frequency of 2.7 GHz, a quality factor value of 1398, and a k? 4 of 4.39%. The minimum



Micromachines 2022, 13, 1088

12 of 27

bending radius that the flexible resonator can withstand is about 0.5 mm. Compared with
the aforementioned research, the minimum bending radius is reduced by 20 times, and the
electrical performance is almost unchanged. Throughout experimental testing, the mechan-
ical and electrical properties of the flexible resonator can still remain stable after 2000 times
of bending deformation. Finite element method (FEM) analysis was utilized to evaluate
the mechanical properties of the flexible device, and the strain and stress distributions of
the flexible FBAR under a bending radius of 0.5 mm are shown in Figure 9e [100].

Measurement air cavity . g ﬂ

(b)

Bottom polyimide layer

(d)

04

02

Figure 9. (a) Exploded-view image of the flexible device [100] Reprinted /adapted with permission
from Ref. [100]. 2018, John Wiley and Sons. (b) Diagram of the FBAR embedded in double-layer PI
film [100] Reprinted /adapted with permission from Ref. [100]. 2018, John Wiley and Sons. (c¢) SEM
image of the FBAR with the bottom cavity structure [100] Reprinted /adapted with permission from
Ref. [100]. 2018, John Wiley and Sons. (d) Photo of the flexible FBAR conforming to the surface of
the cylinder [100] Reprinted /adapted with permission from Ref. [100]. 2018, John Wiley and Sons.
(e) FEM analysis of the mechanical properties of the flexible FBAR under bending conditions [100]
Reprinted /adapted with permission from Ref. [100]. 2018, John Wiley and Sons.

Han et al. proposed an MEMS beam low-pass filter based on a flexible substrate,
which is implemented using a CPW and complementary split-ring resonator (CSRR) in an
MEMS beam signal line. The performance changes of such filters caused by bending their
flexible substrates were studied theoretically, simulatively and experimentally [102].

This section has summarized the flexible RF MEMS with different functions, mainly RF
MEMS switching and flexible RF MEMS applications based on it, including phase shifters,
reconfigurable antennas and phased array antennas, and resonators. This section can help
to establish an overall understanding of the development status of flexible RE MEMS with
different functions and structures.
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3. Materials for Flexible RF MEMS

MEMS micro-machining technology originated in integrated circuit manufacturing,
and silicon has been the main material choice. Thanks to its unique advantages, polymer
substrates have become an important novel type of material used in the manufacture of
flexible MEMS. Firstly, they are flexible; secondly, they are compatible with more flexi-
ble manufacturing and packaging technologies; thirdly, they are highly biocompatible;
fourthly, the cost of these polymer substrates are much lower than that of monocrystalline
silicon. Many flexible substrate materials have been explored for the manufacture of RF
MEMS, including liquid crystal polymers (LCPs) [40,47,105,106], polyethylene terephtha-
late (PET) [60,94,96], polyimide (PI) [59,91,92,99,100], polydimethylsiloxane (PDMS) [58]
and thinned silicon [93].

3.1. Liquid Crystal Polymers (LCPs)

Liquid crystal polymers are a kind of polymer material with unique and excellent
structural and physical properties. They consist of interconnecting rigid and flexible
monomers. When LCP flows in a molten liquid crystal, the rigid parts of the molecules
are arranged next to each other along the flow direction. The LCP retains this orientation
and structure even when the temperature drops below its melting point [47]. Thanks to
their unique structure, LCPs have superior electromechanical properties to other flexible
polymers. High-frequency test results show that LCPs have a unidirectional relative
dielectric constant of 3 in the range from 0.5 to 40 GHz, and an extremely low loss factor
of around 0.004 [47]. LCPs have very low moisture absorption of around 0.02% and low
moisture permeability [47]. Therefore, they can be used as a base material and moisture-
resistant packaging material for flexible RF MEMS switches [54,56].

A cantilever beam MEMS switch developed by Wang et al. [47] was integrated onto
an LCP flexible substrate. Wang et al. [49] developed the air-bridge CPW switch, which can
integrate 3D RF front-end reconfigurable architecture on LCPs. Han's team [57,66,67,102]
conducted a series of flexible RF MEMS studies based on LCP substrates, including double-
clamped fixed MEMS switches, V-shaped thermal actuator switches, flexible low-pass
filters, etc., and established corresponding theoretical models based on these devices in
order to study their mechanical and electrical performances under bending states. The
research shows that LCP-based switches can be used as low-cost or enhanced performance
alternatives to silicon-based RF MEMS switches.

A flexible RF MEMS phase shifter proposed by Nickolas et al. [78] uses LCP material
as the packaging layer. The loss measurement and mechanical measurement show that the
influence of LCP packaging on the performance of the phase shifter can be ignored, but
it can maintain the equipment’s flexibility and protect it against various environmental
conditions. LCPs are not only used in flexible RF MEMS, but also widely used in various
flexible conformal RF devices and in various flexible MEMS sensors [107-115].

3.2. Polyethylene Terephthalate (PET)

PET film is suitable to use as a flexible substrate because of its excellent impact strength,
thermal stability and good bending properties [116]. Moreover, PET film has a relatively
high dielectric constant and a low microwave loss tangent, which may lead to size reduction.
When characterized with the microstrip T resonator method, the dielectric constant and
loss angle tangent of the PET film are 3.2 and 0.01, respectively, at about 2 GHz [117].

Rivadeneyra et al. [60,118] fabricated cantilever MEMS switches on PET substrates
using a screen-printing method, which demonstrated the excellent ability of PET substrates
to ensure good flexibility. Molina-Lopez et al. [119] fabricated MEMS microbridges on
PET substrates using a simple four-step process. Large area array fabrication of MEMS
microbridges was realized using inkjet printing, and the products exhibited good flexibility
and electrical characteristics.

Yu et al. [96] designed and fabricated a flexible FBAR with a frequency of 1.2 GHz
by directly surface micro-machining on a PET substrate, while Jiang et al. [94] designed
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and fabricated a flexible FBAR with a frequency of 2.6 GHz on a PET substrate with an air
cavity design by using a flexible transfer printing method. Throughout testing, these two
FBARs both showed good RF and flexible performance.

3.3. Polyimide (PI)

Polyimide has a variety of outstanding properties, including a high glass transition tem-
perature, excellent thermal stability, low dielectric constant, good mechanical properties, low
moisture absorption, chemical stability and solvent resistance [40,120], all of which determine
that it can be used in many fields, such as in flexible substrate materials [64,121-123], flexible
device structure materials [59,124-126], flexible packaging materials [127,128], etc.

The flexible RE MEMS with cantilever structure proposed by Petroni et al. [92] and
Pestana et al. [91] is developed based on the surface MEMS processing of flexible PI
substrate. Petroni et al. [92] studied the mechanical and resonance response characteristics
of cantilever resonant structures using residual stress. Pestana et al. [91] mounted the
flexible resonator on a 10-micron-thick PI substrate to a PCB.

Pang’s team [98-100] proposed a series of flexible RF resonators based on PI substrate.
Jiang et al. [98] presented a flexible RF filter with a central frequency of 2.4 GHz based
on FBARs, which consists of five cavity FBARs, each comprised of an AIN PZT thin film
sandwiched between two thin-layer electrodes. In the bending tests with a bending radius
of 2.5 mm and after 100 bending cycles, the electrical properties of the filter did not degrade
and the mechanical integrity was not damaged. In order to improve bending characteristics,
Zhang et al. [100] placed the FBAR mechanical neutral plane of two polyimide thin films
to fabricate a highly bendable FBAR, which demonstrated stable electrical performance
under flexible deformation with a bending radius of 0.5 mm. Sun et al. [99] proposed a
flexible Lamb wave resonator (LWR) based on a PI substrate that showed excellent and
stable electrical properties and performed well in the bending test.

In flexible RF MEMS, PI film can also be used as the structural layer material of
membrane beams. The film is commonly utilized in RF MEMS switches manufactured by
printed circuit technology [59,124-126]. The key features of these switches are the following;:
(1) high dimensional tolerances and accuracy can be achieved using traditional printed
circuit machining processes; (2) mass fabrication of such switches can be completed using
low-cost PCB processing technology; (3) simple integration with RF components using
proven integration and packaging technologies; (4) large numbers of such devices can be
easily integrated into large areas.

In addition to the above three kinds of flexible substrate materials, there are other flexible
materials applied in flexible RF MEMS, such as PDMS, SU-8, thin silicon, etc., although few
relevant application achievements can be retrieved. For example, Shah et al. [58] introduced
an elastomer pneumatic switch for RF micro-devices based on PDMS. Compared with being
a flexible substrate material, the usual function of PDMS is to act as a stamp in the transfer
printing process [97-100]. Chao et al. [65] developed an SU-8 micro-machining process
for RF MEMS passive preparation. The beam of the switch is made of an SU-8/Cu/SU-8
sandwich structure, in order to effectively relieve the effects of residual stress on device
properties. The flexible FBAR based on ultra-thin silicon wafer proposed by Kang et al. [93]
is fabricated using a standard MEMS process, with high machining accuracy and good
device performance. However, compared with other flexible substrates, the thinned silicon
wafer can only withstand small bending conditions as a result of its poor ductility.

This section has summarized the three flexible materials most commonly used by
flexible RF MEMS, LCP, PET and PI. Among them, LCP has been widely used because of
its excellent mechanical and electrical characteristics.

4. Fabrication Processing of Flexible RF MEMS

The fabrication techniques of flexible RF MEMS devices can be divided into the fol-
lowing three strategies: (1) surface MEMS processing techniques directly fabricated on
various flexible substrates [47,48,57,66,67,69,70,76-78,91-93,96,102]; (2) transfer process-



Micromachines 2022, 13, 1088

15 of 27

ing techniques of transferring fabricated RF MEMS from rigid substrates to flexible sub-
strates [60,62,63,68,94,97-101]; and (3) direct printing inkjet printing processing techniques
of functional electronic materials [53,59-61,64,71-73].

4.1. Surface MEMS Processing

According to the types of substrates, surface processing technologies based on flexible
substrates can be divided into the following two categories: flexible polymer substrate
surface processing technology, and thinned silicon substrate surface processing technology.

Surface MEMS processing involves directly growing devices onto flexible polymer
substrates, and the method is shown in Figure 10 [67]. The obvious advantage of this
processing technology is that it is compatible with the existing surface micro-machining
process, and the fabricated electronics have good flexible bending performance. The
disadvantage of this technology is that due to the introduction of flexible polymer substrate
materials, the existing process may need to be modified. At the same time, the yield of
the fabricated flexible RF MEMS is not high, and the performance of some devices will
be degraded.

For thinned silicon substrate surface processing technology, its advantage is that the
processing accuracy, device performance, process compatibility, yield and other aspects
can be fully guaranteed. The flexible resonator fabricated based on 50-micrometer thinned
silicon using this technology is shown in Figure 6a—c [93]. The disadvantage of this
technology is that the thinned silicon wafer can only withstand small bending deformations
as a result of its poor ductility.

4.2. Transfer Processing

According to different transfer methods, there are two specific implementation strate-
gies for transfer technology: rigid chip transfer technology and flexible transfer technology
using transfer stamping.

Zhang et al. [63] presented a flexible MEMS switch based on wafer transfer technology,
and its process flow is shown in Figure 11 [63]. The RF MEMS switch structure is first
prepared on a rigid silicon wafer by reverse placement through the standard MEMS process,
and then the switch is transferred to the flexible substrate through the bond sum, silicon
wafer thinning and wet etching processes. Finally, the switch is formed through the release
process. The advantages of this processing technology are compatible with the standard
MEMS process, with high machining accuracy, and the prepared flexible RF MEMS switch
retains the good flexibility of the substrate. This technology has the disadvantages of being
a complex process, with low yields and high costs.

As a novel flexible electronics manufacturing technology, transfer printing can use soft
stamping to assemble multi-scale and category devices, which is a promising strategy [129-134].
Recent research achievements have proved that applying this fabrication technology to the
fabrication of flexible RF MEMS can be effective.
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Figure 10. Surface processing technology based on flexible LCP substrate [67]. (a) Sputter the
CPW seed layer; (b) Pattern the seed layer and electroplate; (c) Remove the redundant seed layer;
(d) Pattern the anchor photoresist; (e) Sputter the beam seed layer; (f) Pattern the beam photoresist;
(g) Electroplate the beam; (h) Release the structure.
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Figure 11. Wafer transfer technology (WTT) process flow for MEMS switch fabrication. (a) Reversed
process sequence; (b) Transfer process; (c) Remove the silicon substrate; (d) Release the structure.

Pang’s team [98-100] proposed a series of flexible RF resonators based on PI substrate
using the transfer printing technology. The transfer printing technology process flow for
flexible RF MEMS fabrication is shown in Figure 12 [98]. Combined with appropriate device
structure design, strain isolated cavity design and mechanical neutral layer design [98,100],
flexible RF MEMS based on transfer printing technology have very excellent flexible defor-
mation characteristics and can meet conformal scenes with large curvatures. However, the
disadvantages of this technology are that it is not compatible with the existing process, the
process maturity needs to be improved, the yield is low, and it is difficult to mass produce.
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Figure 12.  Transfer printing technology process flow for RF MEMS fabrication [98]
Reprinted /adapted with permission from Ref. [98]. 2018, John Wiley and Sons.

4.3. Inkjet Printing

Direct inkjet printing of functional electronic materials may provide a novel route
to manufacturing integrated circuits, with its advantages of low-cost equipment, flexible
substrate, low-cost materials, degradability and biocompatibility [135-138]. Compared with
the technologies discussed above, inkjet printing technology is an efficient and mask-free
micro-processing technology based on additive manufacturing. It is especially suitable for
micro/nano fabrication experiments with new structures and functional design verification.
Using this technology to fabricate flexible RE MEMS can improve the research efficiency
of the performance and innovation of fabrication technologies. Takao’s team [71-73]
proposed a plastic MEMS switch based on inkjet printing and subsequently, a flexible
wireless power transmission system based on this switch. Not only does a single flexible
MEMS switch show the stability of driving performance and electrical performance [71],
but also flexible wireless power transmission system combined with organic transistors
realizes the application of light, flexible, large-area and high-power transmission [72,73].
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Inkjet printing technology has some disadvantages in the fabrication of flexible RF MEMS.
Printing technology is not compatible with standard surface MEMS processing. Moreover, it
is difficult to control print uniformity, especially at the micro/nano scale, and the resolution
is a principal limiting factor. The printing speed is slow, and batch production is difficult.
Printing equipment has high requirements for printable materials.

This section has summarized three commonly used fabrication strategies of flexible
RF MEMS. (1) Surface MEMS processing technology directly prepared on a variety of
flexible substrates has the advantages of compatibility with existing processes; (2) the
transfer processing technology of RF MEMS fabricated from rigid substrates to flexible sub-
strates has the advantages of flexible fabrication processing and high flexibility electronics;
(3) the direct inkjet printing processing technology of functional electronic materials is very
suitable for the experimental verification of new structures without masks.

5. Novel 3D RF Mechanical Self-Assembly and Mechanically Triggered Switches

Most of the flexible RE MEMS fabricated by the strategies discussed above can only
bear flexible bending deformation, but not tensile deformation. In addition, the flexible
deformation is only borne by the flexible substrate, and it is not expected that the structure of
RF MEMS devices will change significantly, so as to ensure the stability and reliability of RF
MEMS devices. The recently developed flexible 3D electronic device assembly technology
based on mechanical pre-stretching guidance uses mature semiconductor technology to
integrate with pre-stretched flexible substrates to form 2D precursor structures. By releasing
the pre-stretching strain, the device structure produces compression buckling, and realizes
the controlled conversion from 2D structures to 3D structures. Compared with other 3D
device manufacturing technologies, the assembly and control functions of flexible stretching
are used to improve the stretchability of flexible electronics, expand the application scope
of flexible 3D electronics, and provide innovative preparation strategies for flexible 3D
electronics [139-153].

Liu et al. [143] presented stretchable and reconfigurable 3D RF antenna designs based
on mechanically triggered switches that utilize controlled compressive buckling to form the
devices from patterned 2D structures integrated with an elastic substrate. The mechanically
guided assembly technique is used to design tandem integrated switches, in order to form
scalable and reconfigurable antennas. The mechanically triggered switch consists of two
arched belt structures of different heights that switch to the open state when the two arched
structures touch each other. The switch state can be actively controlled by the tensile strain
applied to the substrate. Through a cascaded switching strategy, the reconfigurable antenna
can adjust its frequency in the range of 2.3 to 7.7 GHz, as shown in Figure 13 [143].

This flexible reconfigurable 3D RF antenna based on mechanical self-assembly and
mechanical triggering will not degrade its RF characteristics under tensile strain, but takes
it as a trigger condition to actively manipulate the RF characteristics. At present, the
reported reconfigurable 3D devices based on this mechanical assembly and regulation are
on a millimeter scale; there is no relevant research on micro/nano scale RF devices. The
means to realize the application of this strategy in the fabrication of micro- and nanoscale
devices may be a research and discussion direction.
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Figure 13. (a) Image of the preparation process for the mechanically guided 3D assembly switch [143]
Reprinted/adapted with permission from Ref. [143]. 2019, John Wiley and Sons. (b) FEM and optical
images of the antenna under different tensile states [143] Reprinted /adapted with permission from
Ref. [143]. 2019, John Wiley and Sons. (c) Measured and simulated characteristics of the antenna at
different states [143] Reprinted /adapted with permission from Ref. [143]. 2019, John Wiley and Sons.

6. Conclusions and Perspectives

This paper provided an overview of recent achievements in the structural design, fab-
rication process and performance optimization of flexible RF MEMS. From the perspective
of device function, flexible RF MEMS can be sorted into the following types: RF switches,
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phase shifters, reconfigurable and phased array antennas, resonators, etc. Flexible polymer
films, such as LCP, PI, PET, etc., are widely used as flexible RF MEMS substrates, and a
small part of the substrates are composed of thinned silicon wafers. The fabrication tech-
niques of flexible RF MEMS include the following: surface MEMS processing techniques,
transfer processing techniques and inkjet printing processing techniques. A systematic
summary of the functions, materials and fabrication processes of flexible RF MEMS can
help researchers select appropriate structural designs, materials and compatible fabrica-
tion processes according to the required application scenarios and functions of flexible RF
MEMS. In addition, 3D RF devices based on mechanical self-assembly and mechanically
triggered switches are discussed, which provide novel strategies for flexible, reconfigurable
3D RF device fabrication processes. This review serves the purpose of providing a reference
source for innovative research in the field of flexible RF MEMS.

In terms of future research directions of flexible RF MEMS, we consider three direc-
tions worthy of breakthrough: firstly, to carry out material innovation and develop new
functional materials with flexible and RF properties that are more suitable for flexible RF
MEMS; secondly, to innovate device structural design in order to improve the competi-
tiveness of flexible RF MEMS and rigid RF MEMS in performance, and to deal with the
interaction between flexible substrate deformation and device performance, which should
be a focus of future research in this field; thirdly, to improve the reliability of flexible RF
MEMS devices and systems, which is a problem that must be solved in order to achieve
large-scale applications in this field.
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