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Abstract
RF-MEMS (Radio Frequency-Micro Electro Mechanical 
Systems) are made up of moveable and fragile components 
(membranes, beams, cantilevers) that must be enclosed in 
for protection and for stable performance characteristics. 
Packaging is an important technology and critical aspect for 
the advancement of RF-MEMS. This paper elaborates the 
various RF-MEMS packaging challenges in the context of 
environment, modeling reliability, integration, stiction etc. All 
these challenges are application dependent; therefore case 
study on RF-MEMS switches with liquid crystal polymer (LCP) 
enclosure is presented for an in-depth illustration. RF-MEMS 
have the potential to have a tremendous impact on various 
fields such as wireless communication, defense, aerospace, 
radars, satellite etc. Packaging engineers are trying to overcome 
the packaging issues. They are trying to develop economical 
high- performance and highly reliable packaging solutions. The 
package plays a key role in ensuring the long term reliability 
and performance of a MEMS device. 
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I. Introduction
Micro electro mechanical systems (MEMS) is an exciting field 
which integrates concepts of physics, electrical engineering, 
mechanical engineering, biomedical, electronics, bio-
informatics, chemical and material science to create unique 
low cost and miniature devices for a variety of applications. 

Over the past few years RF-MEMS fabricated using semiconductor, 
micro-fabrication technology have gained significant interest 
for wireless communication applications owing to their small 
size, integration capability and superior performance. For 
instance, using RF-MEMS switches, RF circuits such as variable 
capacitors, tunable filters, phase shifters and signal routers 
have been demonstrated [1].

RF-MEMS devices like switches tunable capacitors, varactors, 
mechanical resonators and filters contain movable and fragile 
parts that must be housed for reasons of protection (such as 
handling wafer dicing or plastic molding operations) and to 
ensure stable and reliable performance characteristics [2]. 
MEMS have been commercially adopted in large volumes in 
number of applications, the most common being accelerometers 
for automotive applications, pressure sensors for engine 
management and micro mirror arrays for display applications. 
Due to low mass, low power consumptions small volume and 
possible integration with control and sense electronics, MEMS 
seem ideal for various applications in different broadband, 
radio frequency, wireless systems etc. By shrinking traditional 
components to the micro-scale, advantages of MEMS to cost, 

power and performance can be realized. However, because 
these devices are all mechanical in nature and the forces 
involved are small reliability becomes a key concern in how 
quickly the technology can be implemented [3,4].

Fig.1 : Block Diagram of MEMS Design, Fabrication and 
Packaging.

Fig. 1 illustrates a typical design and manufacturing process for 
a MEMS device. During the design solid modeling is required 
since electro-thermal-mechanical coupling is essential to 
the functions of most of MEMS devices. A fabrication often 
involves deposition and etching of micron-thick layers with 
controlled mechanical electrical properties [5,6]. Generally, 
after completion of the fabrication process, the sacrificial 
materials are removed by etching in order to release the device 
for mechanical movements. This release process is usually the 
first step in MEMS packaging. The released device shown in 
the figure represents a configuration of pressure sensors of 
accelerometers or an element of an array for optical micro-
mirrors and RF-switches. After release the devices can be tested 
on the refer label, followed by dicing. The released, diced device 
is assembled and sealed in a package. These testing dicing, 
assembly and sealing step are very challenging. Without proper 
protection the micro-scale movable features could be damaged 
easily during these steps [7]. As a result, it is always desirable 
to replace the process illustrated here by wafer-level-packaging. 
Hundreds of MEMS devices have been demonstrated and the 
number of their applications is growing. Few example of their 
remarkable application are listed below [8]. 
a) Pressure sensors: for sensing manifold air pressure and 

fuel pressure to decrease emission and fuel consumption; 
for measuring blood pressure.

b) Inertial sensors: accelerometers for measuring acceleration 
for launching air bags.

c) Chemical micro sensors: for fast, disposable blood 
chemistry analysis; gas sensors.

d) Optical MEMS: micro-mirror for projection displays; optical 
switches for wavelength division multiplex switches; 
attenuators or micro-devices for active alignments for 
optical Microsystems; micro-displays or paper-thin direct-
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view displays.
e) Radio frequency MEMS: micro-resonators for integrated 

RF transceiver chips; RF-switches for millimeter-wave 
systems.

f) Micro-fluidics MEMS: DNA hybridization arrays or 
similar lab-on-a-chips for biomedical and biochemical 
development, bio-analysis and diagnostic; printer heads 
for inkjet printing.

g) Power MEMS: On-chip power generations and        energy 
storage for portable systems.

h) MEMS-based data storage: micro-positioning and tracking 
devices for magnetic, optical, thermal, or atomic force data 
tracks; micro-mirrors for optical beam steering.

i) Micro-surgical instruments; for noninvasive techniques, 
intra-vascular devices and laparoscopic procedures.

MEMS provide micro-scale components for a number of 
applications. This miniaturization will significantly reduce the 
size, power dissipation and cost for future compact wireless 
communication systems. Most of MEMS application listed 
above are emerging and will stimulate more novel designs for 
future engineering and medical systems.

Packaging is a core technology and critical aspect of realizing 
most of MEMS applications. Packaging requirements increases 
the cost substantially and severely limits the integration of the 
device with other components. Some of the MEMS packaging 
challenges have been identified and proper solutions have 
been developed. In the following section, we will discuss some 
of them. However, it should be noted that MEMS packaging 
challenges are not fully understood and are usually application-
dependent. It is impossible to define common challenges 
applied to all the MEMS-based systems. Most discussion 
should be treated as examples to help us understand and 
appreciate these emerging fields. 

II. Packaging of MEMS
Packaging of MEMS devices begins after the completion of 
the micro-fabrication of the devices. When the fabrication 
process of MEMS devices is complete, the sacrificial material is 
removed to release the devices for mechanical movement. This 
release process is usually first step in MEMS packaging. The 
subsequent processes involved in packaging may be packaging/
substrate fabrication, assembly, testing and reliability 
assurance. However, it is sometimes difficult to distinguish 
MEMS fabrication from packaging. For example, in wafer level 
packaging, device fabrication and packaging processes are 
fully integrated. One of the performance measures of any 
MEMS device is reliability. Reliability and also the performance 
of any MEMS device are strongly affected by the package. 
Reliability assurance is considered as a packaging activity since 
packaging engineers rather than fabrication engineers usually 
conduct environmental process, burn-ins, and accelerated test 
to ensure the production of a reliable MEMS device.

MEMS packaging is application specific and the package allows 
the physical interface of the MEMS device to the environment. 
Packaging of MEMS devices is a complex process as packages 
serve to protect from the environment, while also enabling 
interaction with that environment to measure or affect the 
desired physical or chemical properties. In case of fluid mass 
flow control sensor, the fluid flows in and out of the package. 

This would cross more harsh challenges for MEMS packaging. 
There is large verity of basic building blocks in MEMS. Sensors 
and actuators can be composed of pyro-electric, resistive, 
thermo-electric, magnetic, acoustic, chemical, optical elements 
etc. There is no standard package process for a particular 
building block. 
Although there is no generic package for MEMS device, the 
package should: 

• Provide protection and be robust enough to withstand its 
operating environment.

• Allow for environmental access and connection to physical 
domain (optical fibers, fluid feed lines etc.)

• Minimize electric interference effects from inside and 
outside the device.

• Dissipate generated heat and withstand high operating 
temperatures (where necessary).

• Minimize stress from external loading i.e. provide 
mechanical support.

• Handle power from electrical leads without signal 
disruption.

• Serves to integrate all of the components required for a 
system application in a manner that minimizes size, cost, 
mass and complexity. 

• Support and protect the device from thermal and 
mechanical shock, vibration, high acceleration, particles 
and other physical damage during storage and operation 
of the inner parts.

Packaging is regarded as a very critical block in the successful 
commercialization of micro-systems. Packaging has been and 
continues to a major challenge. The packaging cost is about 
40-90% of the total cost of the MEMS product [9]. The main 
reasons for their high costs are the following:

• Micro systems consist of more complex three-dimensional 
structures.

• Moving mechanical parts often requires an encapsulated 
cavity with a controlled atmosphere (hermetic package).

• Each MEMS design is unique and compared to electronic 
devices where the packaging is less dependent on the chip 
functionality, the package has to be individually developed 
for each micro-system. 

However, the electronics manufacturing industry has robust and 
viable infrastructure, direct application of electronics packaging 
techniques to most MEMS parts is not feasible due to the 
complexities of their operational structure and domain.

Fig.2 : Percentage cost involved in different processes of 
MEMS
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For example, packaging should allow some moving parts to 
interact with other components through optical, electrical, 
thermal, mechanical or chemical interfaces. As a result, many 
MEMS packaging problems are new to most of the electronic 
packaging engineers. For example, vacuum packaging is 
needed when viscous damping is important, die-attachment 
may create severe thermal stresses, thermal strains may 
affect the performance of membrane devices, moisture can 
cause stiction etc. In a national science foundation (NSF) 
workshop, several measure MEMS packaging and reliability 
challenges have been identified and discussed [10,18]. They 
are summarized as below:

1. Environment
MEMS devices need to operate in diverse environments such as 
under automobiles hoods, intense heat, intense vibration and 
shocks, in salty water, strong acids or other chemicals, alkaline 
or organics solutions. The package while performing detection 
or actuation must be able to withstand the environments.

2. Functional Interfaces
The package provides functional interfaces between the MEMS 
device and the environment. These interfaces are directly 
related to the application. In different applications a wide 
range of different functional interfaces are needed like thermal 
(radiation, conduction and convection), radio frequency, optical 
fluids (liquid or gases), mechanical, magnetic etc. Due to the 
variety of interfaces, there exists no standard package. To meet 
the needs of all the MEMS applications. The core issue is to 
identify and develop standard package for each functional 
interface such that cost, performance etc of the product 
substantially reduce.

3. Reliability
Fracture and fatigue, mechanical wear and tear, due to 
frequency and humidity, and shock and vibration effects are 
the main causes of MEMS failures. During the last 15 years, 
MEMS reliability has been improved significantly [11,12]. The 
package is a part of complete system and should be designed 
as the MEMS chip is designed with specific and many times 
custom package. It is necessary for the chip package and 
environment to function together and must be compatible with 
each other. This determines which materials and what design 
considerations and limitations become significant. One of the 
major challenges is the issue of material properties. The most 
reliable MEMS devices are hermetically packaged single-point 
contact or no-contact devices. However, hundreds of novel 
MEMS devices demonstrated in laboratories demand contacts. 
For example, surface impact is desirable to achieve a high 
capacitance ratio, e.g. Con/Coff. = 100, which is critical to the 
performance of RF-MEMS [13]. With surface contact, reliability 
with trillions of impacting or rubbing cycle is needed. 

4. Stiction
The silicon dioxide layer is used as sacrificial layer usually. 
The challenge in this is when the etching is done to release 
the polysilicon features. The risk of stiction occurs from the 
capillary action of the evaporating rinse solution in the crevices 
between structural elements like cantilevers and the substrate.  
Moisture can also cause stiction problems.

5. Dicing
The challenge is in dicing of the wafer in to individual dice it is 
typically done with a diamond saw. This requires the coolant to 
flow or the surface of the very sensitive dice along with silicon 
and diamond particles. These particles combined with the 
coolant can contaminate the devices and get into the crevices 
of the features causing the device to fail.

6. Out-gassing
When epoxies are used as in the case of plastic encapsulation, 
the dice attach compounds outgas as they cure. There water 
and organic vapors redeposit on the features, in crevices and 
on bond pads. 

7. Modeling
The package is usually an integral part of the device. Both the 
device and the package have to be designed at the same time. 
In order to have a one pass design, physical and semi-empirical 
models have to be developed. With such diverse applications, 
a MEMS computer aided design (CAD) tool needs to cover 
every engineering discipline: electrical, thermal, mechanical, 
optical, electromagnetic wave and chemical. The integration 
of all the existing tools with innovative interface solutions will 
be challenging.

8. Integration
MEMS packaging and reliability are strongly related to the 
application. In addition, packaging and reliability are strongly 
related to the device fabrication. For each MEMS product, there 
is always a critical integration issue to be considered: where 
and how the fabrication and the packaging processes are 
integrated. Such and integration consideration also provides 
us an opportunity to create new concepts or technologies for 
low-cost, high-performance MEMS. For example, wafer level 
packaging can be completed in the same fabrication facility, 
which may eliminate a packaging step. Such a packaging 
approach will result in low cost and compact MEMS and is 
the main development target for most of the MEMS packages 
being manufactured today [14]. On the other hand, packaging 
technologies can be used to fabricate MEMS devices and 
to eliminate another packaging step. Flexible circuit board 
technologies have been used to develop paper movers and 
RF-MEMS switches [15]. Co-fired ceramics technologies are 
very popular in the development of micro chemical plants 
and high temperature MEMS [16]. In addition, fabrication and 
packaging technologies can be integrated to form new MEMS. 
For example, solder technologies have been developed to self-
assemble MEMS. The combination of the planar fabrication 
and the solder self-alignment enables us to develop three-
dimensional, complex MEMS without demanding complicated 
fabrication processes [17]. 

MEMS packaging challenges are often application dependent. 
In order to discuss the challenge in more detail, we will focus 
on specific devices. In the following section, we will present one 
representative MEMS packaging case. We will here present 
RF-MEMS switches which are representative of the physical 
MEMS applications. 

III. Case study of RF-MEMS Switches
MEMS fabrication technologies have existed since 1970 in the 
form of sensors, however RF devices have been here. The most 
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common radio frequency device is the MEMS switch MEMS 
microwave switch technique existed since 1980 by Lassy 
Lessons at Hughes Labs. RF-MEMS switches are the devices 
open circuit in RF transmission line. There are designed for 
low loss applications that do not need fast switching rates 
such as in airborne and satellite communication. Many RF-
MEMS switches have been developed, tested and intensively 
published because of their attractive performances [19]. Fig 
3 shows three dimensional diagram of a packaged RF-MEMS 
Switch in an LCP enclosure. Fig 4 shows prototypes of the 
packaged RF-MEMS Switch using liquid crystal polymer (LCP) 
capping. LCP is adhered onto silicon to form an enclosure for 
packaging an RF-MEMS Switch without the use of adhesives 
[20]. LCP is an emerging low cost dielectric material that is 
commercially available as a single sheet or laminated substrates 
that have low moisture absorption, adjustable coefficient 
of thermal expansion (CTE), low coefficient of hydroscopic 
expansion (CHE), low dielectric constant and low dielectric 
losses [21]. This unique combination of excellent electrical and 
mechanical properties for harsh environment and economical 
considerations make LCP as a serious candidate for multi-chip 
module (MCM) and advance packaging technology. Lamination 
of LCP onto silicon to form enclosure for package also has 
advantage of low temperature processing (below ~315oC) as 
compared to metalling or glass bonding (~400oC). The MEMS 
cavity is formed in LCP using laser ablation to the copper lid. 
This cavity acts as a hermatic enclosure formed by the copper 
lid and SCP walls. 

Fig.3: Diagram of a packaged RF-MEMS switch in an LCP 
enclosure.

The commercially available LCP films have a melting temperature 
from 240° to 315°, which, for robustness of process, is 
thermally well below any temperature that may impact the 
MEMS Switch. Inert gas can be injected into the cavities to help 
improve the switch performance during the lamination process. 
Out-gassing is a major barrier in using polymer materials for 
packaging RF-MEMS. During the processing of polymer in RF-
MEMS packaging, polymer tend to release gas partials that 
would degrade the reliability of the RF-MEMS switch [22]. LCP 
is polymer material with negligible out-gassing and hence it 
is switchable for RF-MEMS switch packaging. It is well known 
that polymer materials are usually unsuitable for hermetic 
packaging because of their high permeabilities which cause 
failure during fine leak testing. LCP has been reported to have 
a permeability 2.19X10-11 cm2/s [23]. Package hermeticity is 
quantitatively analyzed by using the diffusion leak rate closed-

form approximation equation [24].
                                                                  

   Leak Rate,                                             (1)

Where K is the permeability, A is the exposed package area,  
is the Pressure difference and d is the package wall thickness. 
LCP films are able to adhere to other materials without the use 
of external adhesives in a lamination process.

This feature not only simplifies the packaging process, but 
also reduces the electric loss that is associated with loosy 
adhesive materials. The application of MEMS Switches 
covers a very broad range. These are intended to switch the 
propagation path of an analog signal with very high signal 
purity. This function might be used to connect or disconnect 
an electric potential or to select signals e.g. incoming and 
outgoing signals of antenna or to recon figurate a subsystem. 
Typical applications are switching of filter banks, tuning of 
filter by switching capacitors or inductors, switching of delay 
lines in phase shifters, impedance matching by switching stub 
lines or capacitors, and configuration of antenna patterns or 
frequencies by switching antennas. Depending upon frequency 
specifications either capacitive or metal contact switches are 
preferred for certain applications. 
                                               

Fig. 4: Prototypes of the packaged RF-MEMS switch using LCP 
CAPPING.

To switch DC or RF signals required in high quality test and 
measurement equipment, the most demanded property is very 
large bandwidth from DC to a few GHz. The switching speed 
and power consumption are less important. Metal contact 
switches are good candidates for these applications. Micro-
relays are intended for applications where DC to low frequency 
currents has to be switched. Capacitive shunt switches are 
usually designed for frequencies above one GHz and small 
bandwidths. These switches are used in wireless equipments 
where low power consumption and small size are required. 

Military and space applications also favor MEMS components 
because of their robustness against external influences such 
as radiation, temperatures and strong electromagnetic fields 
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and because of their high shock resistance. Switch reliability 
and a large number of switching cycles of the order of tens 
of billions are equally important for most applications. The 
metal contacts are the most crucial part of the MEMS Switches 
because they determine on-state resistant and the current 
handling capabilities and are the source of the most dominant 
failure mechanisms in metal contact switches. 
Packaging problems are thought to be one of the main reasons 
why RF-MEMS Switches are still not available on a commerciable 
base [25,26]. Besides the general MEMS packaging problems, 
the packaging of RF-MEMS Switches is additionally confronted 
with the following packaging challenges:

1.  Electrical interconnection lines, penetrating through the 
hermetic package, should have low signal attenuation 
and low reactions. Thus, metal sealing with isolated signal 
lines through or underneath the sealing ring, might not be 
appropriate.

2. Hermetic packages are required for reliability and 
performance stability, especially for metal contact 
switches, to avoid surface absorption of contaminants and 
moisture uptake in isolation layers, causing stiction.

3. Especially, when targeting wireless applications, the 
chip size is very important. Thus, wafer bonding used for 
many high-volume hermetic MEMS packages might not 
be possible without additional thinning of at least one of 
the substrates.

4. All involved materials, including substrates passivation 
layers and mounting frames, should have good RF-
properties.

5. Standard packaging approaches and methods are often 
not suitable for RF-MEMS Switches. 

IV. Industrial Challenges
Some of the major challenges facing the MEMS industry 
include:

A. Access to Foundries
MEMS companies today have very limited access to MEMS 
fabrication facilities, or foundries, for prototype and device 
manufacture. In addition, the majority of the organizations 
expected to benefit from the technology currently do not have 
the required capabilities and competencies to support MEMS 
fabrication. For example, telecommunication companies do not 
currently maintain micromachining facilities for the facilities 
are crucial for the commercialization of MEMS.

B. Design, Simulation and Modeling
Due to the highly integrated and interdisciplinary nature 
of MEMS, it is difficult to separate device design from the 
complexities of fabrication. Consequently, a high level of 
manufacturing and fabrication knowledge is necessary to design 
am MEMS device. Furthermore, considerable time and expense 
is spent during this development and subsequent prototype 
stage. In order to increase innovation and creativity, and reduce 
unnecessary ‘time-to-market’ costs, an interface should be 
created to separate design and fabrication. As successful 
device development also necessitates modeling simulation, 
it is important that MEMS designers have access to adequate 
analytical tools. Currently, MEMS devices use older design tools 
and are fabricated on a ‘trial and error’ basis. Therefore, more 
powerful and advanced simulation and modeling tools are 

necessary for accurate prediction of MEMS device behavior.

C. Packaging and Testing
The packaging and testing of devices is probably the greatest 
challenge facing the MEMS industry. As previously described, 
MEMS packaging presents unique problems compared to 
traditional IC packaging in that MEMS package typically must 
provide protection from an operating environment as well as 
enable access to it. Currently, there are no generic MEMS 
packaging solution, with each device requiring a specialized 
format. Consequently, packaging is the most expensive 
fabrication step and often makes upto 90% (or more) of the 
final cost of a MEMS device.

D. Standardization 
Due to the relatively low number of commercial MEMS devices 
and the pace at which the current technology is developing, 
standardization as been very difficult. To date, high quality 
control and basic for standardization are generally only found 
at multi-million dollar (or billion dollars) investment facilities. 
However, in 2000, progress in industry communication and 
knowledge sharing was made through the formation of a 
MEMS trade organization. Based in Pittsburgh, USA, the 
MEMS industry group (MEMS-IG) with founding members 
including Xerox, Corning, Honeywell, Intel and JDS Uniphase, 
grew out of study teams sponsored by DARPA that identified a 
need for technology road-mapping and a source for objective 
statics about the MEMS industry. In addition, a MEMS 
industry roadmap, sponsored by Semiconductor Equipment 
and Materials International organization (SEMI), has also 
been identified to share pre-competitive information on the 
processes, technology, application and markets for MEMS. The 
networking of these smaller companies and organizations on 
a global scale is extremely important and necessary to lay the 
foundation for a formal standardization system.

E. Education and Training
The complexity and interdisciplinary nature of MEMS require 
educated and well-trained scientists and engineers from a 
diversity of fields and backgrounds. The current numbers 
of qualified MEMS-specific personnel is relatively small and 
certainly lower than present requirements.

V. Conclusion
Packaging of MEMS devices is challenging since achieving 
signal distribution and environmental protection requires 
careful design & fabrication. However, there are large numbers 
of packaging issues for RF-MEMS. Several radio frequency 
MEMS packaging challenges have been listed and discussed 
here in this paper. Since RF-MEMS Switches are used in 
wide range of applications, their required specifications 
and packaging challenges are application specific. Also, the 
packaging approach for RF-MEMS strongly affects the device 
performance especially in the case of devices with moving parts. 
The various critical packaging issues belong to environment, 
reliability, integration, modeling, functional interfaces, stiction, 
dicing, out-gassing etc. In addition to general discussion about 
packaging challenges of RF-MEMS devices, the case study 
on RF-MEMS Switches has been presented. Despite many 
benefits, RF-MEMS Switches are not yet seen in commercial 
products due to various packaging challenges like reliability 
issues, functional interfaces with environment, modeling 
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and integration problems etc. Also, the actuation voltages 
are typically too high for electronics applications and require 
additional complicated drive circuitry. MEMS provide new 
technologies with the societal impact that could rival that of 
ICs. It is critical to solve the packaging problems and overcome 
the barriers in order to make such an impact real. 
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