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FOREWORD 
 

A lot of effort has been put into RF-MEMS technologies during the 
past years. In this new technology, the mechanical and electrical functions 
are combined to improve the performance of existing devices and circuits, 
to allow on-wafer system integration and the creation of completely new 
Microsystems. A broad range of components and subsystems have been 
demonstrated, with functions and performances that are significantly 
improved over conventional microwave and millimetre (mm)-wave 
technologies.  

To realize the RF microsystem concept, research and collaboration in 
many different fields including fabrication technology, material science, 
electromagnetism, micromechanics, thermal and electrical modelling, 
characterization, packaging and reliability is required.  

The main scope of the MEMSWAVE workshop is to bring together 
scientists from different universities, research institutes, and industrial 
companies interested in the development of the RF-MEMS field and to 
create a forum for the knowledge exchange between the RF-MEMS players. 
The workshop is now technically sponsored by the European Microwave 
Association (EuMA)  

The MEMSWAVE workshop was generated by the European project 
“Micromachined Circuites for Microwave and Millimeter Wave 
Applications” <<MEMSWAVE>> (1998-2001) coordinated by IMT-
Bucharest. The project was nominated between the ten finalists (from 108 
participants) to the Descartes Prize 2002. 

The first 2 editions of the MEMSWAVE workshop were organized at 
Sinaia (Romania) in 1999 and 2001. A special volume in the series Micro 
and Nanoengineering “Micromachined Microwave Devices and Circuits” 
was dedicated to the second edition of the workshop and was published in 
2002. Starting from 2002, the MEMSWAVE workshops became an itinerant 
European event. The next editions were held in Heraklion and Toulouse. 
From 2004 the MEMSWAVE workshop was connected to the European 
FP6 Network of Excellence in RF MEMS “AMICOM” and was strongly 
supported by this network. Most of the European teams involved in these 
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challenging topics were partners in the AMICOM project. The workshop 
was organized in Uppsala (2004), Lausanne (2005), Orvieto (2006), 
Barcelona (2007) and became important instruments for knowledge 
dissemination of the AMICOM network results. 

In 2008 took place the first MEMSWAVE following the completion of 
AMICOM. However, the significant number of contribution has manifested 
the lasting support of the European RF MST community to this event.  

It is now a tradition to publish the extended version of the papers of the 
Series of Micro and Nanotechnologies of the Romanian Academy Press. 
Previous volumes may be requested at IMT-Bucharest (print@imt.ro). The 
present volume contains the papers presented at the 9th edition of the 
MEMSWAVE workshop organized by the Foundation for Research & 
Technology Hellas (FORTH) in July 2008, at Fodele, Greece. 

 
Editors 



 

 

How to Build a Reliable RF MEMS Switch 
 
 

Gabriel M. REBEIZ 
 

University of California, San Diego, ECE Department, La Jolla, CA 92093, USA 
 

Phone: +1-858-534-8001 
 
 

Abstract. This paper discusses the successes and pitfalls in building RF MEMS 
switches. It is the author’s opinion, after 11 years in the field of RF MEMS, that factors 
which are not related to microwave engineering have the largest impact on RF MEMS 
viability. The field may therefore be shifting from one which was traditionally based on 
microwave engineering to one where chemical, mechanical and manufacturing 
engineering play a vital role in the success of this endeavor. Also, a realistic view of the 
role of RF MEMS should be taken, and one should only develop components which 
have a large chance of grabbing a decent market share. As will be shown in this paper, 
they are few RF MEMS components or sub-systems which are viable in today’s 
competing technologies. 

 
 

1. INTRODUCTION 
 

RF MEMS (In this paper, RF MEMS refers to the field of metal-based 
MEMS, which is used to build switches (both capacitive and metal-contact), 
tunable capacitors and inductors, and switchedcapacitor banks. It does not refer to 
the silicon-based or the piezo-based RF MEMS which is used to build high-Q  
(Q >1000) resonators and filters.) has been in an active research area since 1986 
with the development of the low-loss MEMS capacitive and metal-contact switches 
by Raytheon and Rockwell Scientific, respectively. These switches demonstrated 
state-of-the-art performance up to 50 GHz and ignited a very active research field. 
To-date, at least two textbooks and hundreds of research papers have been written 
on RF MEMS, and state-of-the-art components such as low-loss switches from 
DC-110 GHz, single-pole multiple-throw switches, phase shifters, tunable 
matching networks, tunable filters, and tunable antennas have been demonstrated 
from 1 GHz to 100 GHz. In every case, the RF MEMS-based circuit resulted in 
state-of-the-art performance which exceeded by a large margin the performance of 
equivalent circuits build using solid-state devices (Schottky diodes, p-i-n diodes, 
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GaAs transistors, etc.). Many consulting companies have even predicted that by 
2007, we will RF MEMS in cell phones with a market share of billions of dollars. 
But as is well known, RF MEMS is still a niche industry and with very small 
numbers being actually being sold and used (it is true that there are several start-up 
companies and groups who are actively trying to build large-scale RF MEMS, but 
as of this writing, there is no breakthrough yet). So, why, after 12 years, is RF 
MEMS still not widely developed? This paper will attempt to answer this question 
using the hardearned author’s experience. 
 

2. OVERVIEW OF THE BEST SWITCHES 
 

A look at the RF MEMS field results in just four high reliability switches 
which are used on a medium scale to build components and sub-systems. These 
are: 1) Radant MEMS (metal-contact), 2) MIT-Lincoln Labs (capacitive), 3) 
Raytheon (capacitive) and 4) Omron (metal-contact). All of these switches (except 
Omron) have been tested to > 100 billion cycles over tens if not hundreds of 
individual units, and some Radant MEMS switches have completed 1 trillion 
cycles at 100 mW of RF power (cold-switching) with no failures. The Omron 
switch is slow and therefore has been tested to only 100 million cycles. The 
capacitive switches do not operate down to DC frequencies, but on the other hand, 
are excellent at hot-switching, and both the MIT-LL and the Raytheon switches 
have been tested at 0.5-1 W hot switching and performed very well to billions of 
cycles. All test frequencies are around X-band (8-12 GHz). The Radant MEMS, 
Omron and the MIT-Lincoln Labs designs are built on high-resistivity silicon 
substrates and packaged using either a glass-frit or anodic-glass bonding 
technology (Radant, Omron) or using gold-to-gold thermo-compression (MIT-LL). 
The Raytheon switch can be built on silicon or ceramic substrates and is packaged 
using a gold-type seal (not released).  

There are other switches or switched-capacitors which are being 
demonstrated and with good reliability: Memtronics (capacitive), XCOM (metal 
contact), RFMD (metal-contact), Philips NXP (capacitive), Wispry (capacitive), 
UCSD (capacitive) and the University of Limoges (capacitive). All of these devices 
have shown operation to hundred of millions or billions of cycles. The Memtronics 
and the RFMD switches are packaged in-situ using a thin dielectric-cap which has 
the potential to reduce the manufacturing costs for very large numbers. To the 
authors’ knowledge, Teravicta, ST, Rockwell Scientific, Northrop Grumman, 
Bosch, HRL have closed or drastically scaled back their RF MEMS effort. 
 

3. RF MEMS FIELDS OF USE 
 

I. Phase Shifters: RF MEMS was first developed to solve a serious problem 
in phased arrays. To recall, in the late 1990’s, GaAs technology was quickly 
becoming a mature technology with state-of-the-art low noise amplifiers and very 
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high efficiency power amplifiers. However, the MESFET was still a relatively poor 
switch with a figure-of-merit “cutoff” frequency of 200-400 GHz, and this resulted 
in MMIC phase shifters with high loss at mm-wave frequencies (8-  
14 dB loss for a 4-bit phase shifter at 35 GHz). RF MEMS switches, with their 
near-ideal performance, promised mm-wave phase shifters with a loss of only 3 dB 
for a 4-bit design. This drastic increase in performance could pave the way to lower 
cost phased arrays (from 10 GHz to 94 GHz) and RF MEMS was funded to 
achieve this performance. It is important to note that RF MEMS did deliver on this 
promise, and many companies and groups demonstrated extremely low-loss phase 
shifters from 6 GHz to 100 GHz using capacitive or metal-contact switches, and 
RF MEMS phased arrays were been developed for both commercial (automotive 
radars, SATCOM) and defense applications. However, it is not GaAs which 
stopped RF MEMS phase shifters but CMOS and SiGe! It is now possible to build 
high performance phase shifters to 77 GHz using extremely small CMOS or SiGe 
phase shifters with a current consumption of only 4 mA from a 1.5-2 V supply. RF 
MEMS is therefore now only used for truetime delay phase shifters where 
wideband performance (2-18 GHz, 18-40 GHz) and large delay times are 
imperative for the operation of the wideband phased array. 

II. Switching Networks: The low-loss performance of RF MEMS opened 
other avenues, mainly the vast area of microwave switching networks used in test 
instruments, general-purpose reconfigurable test stations, satellite systems, 
telephone/internet routing networks, and wireless base-stations. In this area, RF 
MEMS was supposed to replace the ubiquitous relay which is relatively large and 
heavy. RF MEMS delivered on the size and switching speed, and could achieve 
much larger reliability numbers than the standard relay (hundreds of millions vs. 1-
2 million cycles for the relay), but could not deliver on latching designs or the high 
power handling. Still, there is a niche market for RF MEMS in this arena. These 
are: a) low-cost non-latching relays and b) very low-cost, very high volume SPNT 
switches for cell phone applications. This application is appealing since one can 
build the RF MEMS directly on-top of the CMOS substrates. However, one must 
be able to produce tens if not hundreds of millions of units and for very low cost 
(around 5 cents a throw). This is not for the lighthearted. 

III. Reconfigurable Networks: Reconfigurable matching networks, tunable 
filters and tunable antennas is where RF MEMS has shined in the past 5 years. This 
is due to a congruence of factors: a) very low insertion loss and high Q, b) very 
high linearity (IP3 > 60 dBm), c) capability of handling Watts of RF power  
(0.5-3 W) or large RF voltage swings (10-40 V), d) small size and zero power 
consumption and e) wide temperature performance (when well designed). None of 
the available tuning technology available today, such as Schottky diodes, p-i-n 
diodes, ferrite and ferroelectric tuners can achieve these conditions and this is 
where RF MEMS shines. For the first time, RF MEMS is not replacing a 
technology with proven performance, but in this case, it is currently the only 
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technology which can meet these specifications. It is for this reason that many 
companies and research groups are developing power amplifier tuning networks 
and tunable antennas based on RF MEMS. The application areas are in high 
efficiency PA networks and reconfigurable antennas for multi-standard mobile 
phones or for wideband electronic warfare or countermeasures. Other groups are 
developing low-loss tunable filters, either for commercial applications 
(multistandard cell phones) or for defense applications (cognitive radios, etc.). It is 
clear that the first large scale RF MEMS products will be developed in this area for 
mobile phones. Still, the path forward is still not crystal clear since SOI CMOS 
transistor switches have advanced greatly in the past 3 years, and can now nearly 
meet the five requirements (loss, linearity, voltage/power handling, small 
size/power consumption, temperature). Also, some companies claim that 
Ferroelectrics can also meet these 5 requirements. It is clear that RF MEMS can 
play a vital role here, and in the future, given equal performance for all of these 
three technologies, the final decision will be based on reliability and costs. 
 

4. WHY IT IS HARD TO BUILD RF MEMS 
 

RF MEMS, which has been pioneered by the microwave community since 
they saw the need for such an ideal device, is essentially a mechanical device with 
serious constraints on planarity, contact material, contact and release forces, and 
dielectric and metal layers. Also, packaging and any contamination added during 
this process can seriously degrade the RF MEMS device performance. It is for this 
reason that an RF MEMS development team should have not only the microwave 
engineer for design and test, but also should have a mechanical engineer, a 
chemical/surface science engineer, a processing engineer, a packaging engineer 
and finally a manager who has the background and the patience to lead such a 
diverse group of people. In fact, RF MEMS are quite easy to model from a 
microwave circuit perspective and commercial software such as ADS Momentum, 
Sonnet, HFSS, CST, and IED all do a wonderful job for the full-wave 
electromagnetic analysis and model extraction of the RF MEMS device. This 
means that the RF circuit design is one of the easiest aspects of the problem and 
requires very little microwave design work. It is therefore strange that this area has 
always been led by the IEEE microwave group and not by the mechanical 
engineering department.  

Where are the problems in RF MEMS? They have very little to do with 
electrical engineering! They are mostly in actuator design which can withstand 
large temperatures encountered during packaging (mechanical engineering), stress 
control of all the layers used (manufacturing), metal contacts and related 
contamination (chemical engineering/surface physics), in dielectric charging 
(chemical engineering/surface physics) and in hermetic packaging (mechanical 
engineering). Some of these problems, such as stress control or dielectric charging, 
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are poorly understood and cannot be transported from one foundry to the other or 
even from one deposition machine to the other. Other problems are hard to 
quantify, such as metal-contact contamination and the exact cause of switch failure, 
and others are well known but hard to implement well without the adequate funds 
(such as wafer-scale packaging). The highly reliable RF MEMS switches 
developed to-date either use robust and mechanically simple designs (Radant 
MEMS), or intricate features designed to solve several of these issues (Raytheon, 
MIT-LL). But the most important part is that none developed a reliable and 
manufacturable RF MEMS switch in 1-2 years. Each took more than 5 years to 
achieve the high reliability designs, and after countless experiments to understand 
their processes. This is perhaps one of the main limitations of this technology: Very 
few have the funding and the patience required to develop a large-scale RF MEMS 
effort with high yield. But for the ones who do, the pay off can be very high from 
the commercial and defense perspective. 

 
5. CONCLUSION 
 

This paper discusses some of the aspect for large scale RF MEMS design and 
manufacturing. It is seen that the microwave/electrical engineering aspect of the 
project, while important, is not the crucial factor for RF MEMS, but it is the un-
knowns and the hard-to-quantify which are the main limitations of this technology 
(stress, contamination, charging, etc.). Still, with experience and a good team, it the 
author’s opinion that one can build a high reliability, high volume RF MEMS 
switch in 2-3 years. 
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Abstract. In RF MEMS circuits one crucial point is the accurate determination 
of loss, caused by lossy substrate or conductors. Substrate loss can play a role if lossy 
silicon is used as substrate material, conductor loss can be important if thin layers are 
used as conductors as the underpass or membrane in RF MEMS switches. Existing 
modeling tools usually underestimate the loss caused by thin conductors, as the used 
models are not appropriate or the discretization of the metal conductor is not sufficient. 
This can be a critical point in the design, when for the resulting device a strict 
requirement regarding insertion loss is given as usually done for RF MEMS switches. 

 
 

1. INTRODUCTION 
 

The Method of Lines is a fullwave numerical method, based on a finite 
difference discretization scheme. The difference to commercially used finite 
difference solvers is that the discretization is only performed in 2 directions of the 
relevant coordinate systems, whereas in the remaining direction the calculation is 
analytical. If this direction is chosen to be the propagation direction of the wave in 
the considered structure, the 2D analysis of the cross-section performed with finite 
differences gives a set of propagating modes for each homogeneous part of the 
device. In the second step the related field is propagated to the interfaces of this 
homogeneous section and matched to the fields of the adjacent section. Thus the 
scattering parameters are derived by the repeated matching and propagation 
procedure throughout the structure. 

This 3D algorithm [1] is very well suited for the analysis of cascaded devices 
like distributed loaded line phase shifters, where we have a high number of 
concatenated sections combined with small lateral dimensions. However, if 
substrate or conductor loss occurs in the structure, than - as in other methods – a 
very fine discretization is needed to account for the accurate determination of the 
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loss. The required fine discretization of the cross-section with sufficient 
discretization points also within the conductor will enlarge the numerical problem 
drastically. The resulting computation times will be slow and not any more suited 
for an optimization process.  

The MoL algorithm can also be performed in only two dimensions for 
longitudinally homogeneous structures like transmission lines [2]. For the 2D 
problem only a one-dimensional discretization becomes necessary. In an 
eigenvalue analysis the propagation constants of the various modes of interest can 
be determined with high accuracy but low numerical effort. However, with this 
approach the incorporation of discontinuities is not possible. 

The idea is now, to combine both approaches in order to get an efficient tool 
for considering accurately the loss of a 3D structure with comparable low 
numerical effort. Therefore the analysis of the 3D structure will be performed as 
usual with the 2D Mol approach and a coarse discretization, which will not fully 
consider the conductor loss. For the critical sections – e.g. sections containing thin 
membranes or underpasses, where the loss will be highly contribute – an additional 
quick analysis of the propagation constant will be performed using the 1D 
approach. The crucial point in the usual procedure of finding eigenvalues, namely 
the definition of an appropriate starting value, is easy in this case, as the 2D 
approach will already give an approximate value, which is close enough to 
guarantee a fast convergence of the root finding process. The relevant propagation 
constant of the 2D process will then be updated by the far more accurate result of 
the 1D calculation. If more modes than the fundamental mode are propagating, this 
correction can be increased to all propagating modes. A correction of the 
evanescent modes, which are bound to rhe discontinuity will not be necessary, also 
the resulting field distribution needs not to be altered, as the discretized field 
distributions exhibit only negligible differences between the two mentioned cases. 
 

2. MOL-APPROACHES 
 

A. 3D Approach 
 

For the 3D MoL approach the structure under consideration is divided into 
longitudinally homogeneous sections. For each section the Helmholtz equation for 
the potential with two components is established (with the orientation of the 
components of the potential in transversal direction as the cross-section of the 
structure). Each section is subjected to a two-dimensional discretization using a 
finite difference scheme with central differences. A sketch of the cross-section of 
the structure with the location of field and potential components is shown in Fig. 1. 
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Fig. 1. Discretized cross-section of the structure with all components 
of fields and potential (discretization lines in propagation  

(horizontal) direction, 2D discretization). 
 

All analytic derivatives in transversal directions are now replaced by the 
corresponding numerical difference operators. The remaining discretized set of 
wave equations exhibits only an analytical dependence in z-direction (propagation 
direction of the wave within the component). However, the single equations are 
coupled. 

The following steps to solve the wave equation are usual in the method of 
lines and in detail described in [1]. 

•  The wave equation is transformed to principle axes in order to decouple the 
set of wave equations. The decoupled equations are solved, each equation 
giving a mode of the structure with a certain field distribution and a 
propagation constant γi. 

• The total field (as a superposition of all modes) is calculated at the 
interfaces of the sections. 

• The tangential field components are matched, given the unknown 
amplitudes of the different modes. 

•  By concatenating all sections the scattering matrix of the component can be 
derived. 

This algorithms is very well suited for the investigation of components, 
consisting of a high number of concatenated sections like filter elements, 
distributed MEMS transmission lines or phase shifters. 

A drawback, as also in other full discretizing methods, is the fact, that the 
cross-section needs to be discretized. If the cross-section of a structure exhibits tiny 
features like very thin layers, the used discretization mesh has to be very fine to 
resolve all these details, thus increasing the number of discretization points as well 
as the computation time. Unfortunately the same mesh is needed for all sections of 
the structure in order to perform an accurate matching procedure, even if the 
discretization in other sections doesn`t need to be that fine, as no small details are 
contained. Therefore the existence of just one thin layer in one of the sections will 
increase the numerical effort drastically, if accurate results are needed. If the mesh 
is chosen to be coarse, the total result will be less accurate, as the propagation and 
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especially attenuation constants in one subsection are not determined correctly. 
In Fig. 2 an example of the convergence of the propagation and attenuation 

constant in one subsection containing a thin and lossy conductor is depicted. The 
computed results dependent on the number of discretization points is shown. Nx 
denotes the number of discretization points in vertical direction, Ny the number in 
horizontal direction of the cross-section. As a nonequidistant discretization scheme 
is used, the convergence is not smooth. As it can be seen, the attenuation constant 
is much more sensitive to the used mesh density as the propagation constant. 
 

 
 

 
Fig. 2. Convergence of propagation and attenuation constant 

of thin lossy transmission line. 
 

B. 2D Approach 
 

The Method of lines can also be used for the twodimensional analysis of 
longitudinally homogeneous components like transmission lines. Here only a 
onedimensional discretization is required, the discretization lines are chosen in 
vertical direction and an eigenmode problem has to be solved. A detailed 
description of this approach can be found in [2]. Here only the essential steps are 
briefly described. 
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• The structure is divided now into layers, which have to be homogeneous in 
vertical direction. The layers are discretized as it can be seen in Fig. 3. 

 

 
 

Fig. 3. Discretization Scheme of the 2D approach 
(discretization lines in vertical direction, 1D discretization). 

 
• Matching the field components at the layer interfaces will yield a matrix 

system in the transformed domain, where the eigenmodes are the 
propagation constants of the transmission line. Compared to the 
eigenmodes calculated with the 3D approach a much higher accuracy is 
obtained with much less discretization effort, as the necessary discretization 
is only one-dimensional instead of two-dimensional Fig. 2. 

Drawback of this approach is that only longitudinally homogeneous lines can 
be investigated, even without connection to any input or output lines. For 3D 
structures that special approach is not applicable. 
 

C. Combination of Methods 
 

As it has been shown in [3, 4], the calculated eigenmodes in the 3D case can 
be divided into accessible and localized modes Fig. 4. The localized modes are 
only important for the field matching procedure at the interfaces, whereas the 
accessible modes propagate through the sections from interface to the other. Those 
accessible modes will contribute mainly to the overall conductor loss. 
 

 
 

Fig. 4. Network representation of coupling inside section II by 
accessible modes with complex propagation constant γi. 

Localized modes are bound to one discontinuity. 
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An accurate computation of the propagation constant in the 3D case is 
therefore essential. However, instead of refining the mesh size more and more at 
the cost of severely increased computation times, it is possible to replace the 
relevant 3D propagation constants by the more accurate values of the 2D 
computation. 

One difficulty of the 2D eigenmode approach is in general that a suitable 
starting value has to be defined to find the roots of the eigenmode system. Here the 
already computed values of the 3D approach can be used: they are already close to 
the desired value such that the root finding is run quickly. 

 
3. RESULTS 
 

The described procedure has been applied to coplanar waveguide, where the 
middle section is a lossy underpass, as usual in RF MEMS switches. A correction 
of the evanescent modes, which are bound to the discontinuity will not be 
necessary, also the resulting field distribution needs not to be altered, as the 
discretized field distributions exhibit only negligible differences between the two 
mentioned cases. 

 

 
 

Fig. 5. Comparison of computed insertion loss for conventional 2D 
algorithm with fine and coarse discretization and new approach 

for CPW line with lossy underpass.  The computation of the  
new approach is 10 times faster than the fine discretization. 

 
4. CONCLUSION 
 

A new algorithm based on the methof of lines (MoL) has been developed, 
combining the advantages of the existing two and three-dimensional algorithms. 
Critical sections with high loss are e.g. parts of an RF MEMS switch with 
underpass oder thin lossy membrane. Here a very dense discretization is needed in 
order to achieve a precise estimation of the insertion loss in the 3D algorithms. The 
relevant propagation constants obtained in the 3D approach are updated by the 
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more accurate results of a 2D approach, which can compute propagation constants 
of a homogeneous section much faster, as only a one-dimensional discretization is 
required. With a coarse discretization plus update the same accuracy is obtained as 
with a dense discretization, The computation time is reduced by a factor of ten. 
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Abstract. This paper presents Single Pole Double Throw (SP2T) and Single 
Pole Four Throw (SP4T) switches using piezoelectric micro-electro-mechanical 
(MEMS) switches measured from DC to 50 GHz. The overall performance of the 
switches shows better than 20 dB isolation up to 50 GHz when the MEMS switches are 
in the off or zero volt state. When the switches are actuated with 7 V, the SP2T shows 
less than 1.8 dB of insertion loss while the SP4T on average, shows less than 2 dB of 
insertion loss up to 40 GHz. 

 
 

1. INTRODUCTION 
 

Over the past decade, rapid technology advances in RF MEMS switches have 
been promising for phase shifters and phased array antennas used in 
communication and radar systems. These micro-devices allow low loss, low power 
consumption, wideband performance, and high isolation, which are all great RF 
characteristics compared to traditional transistors and diodes [1]. Much of the 
research has been focused on electrostatic actuation because of the ease of 
fabrication and being relatively free from restraint of materials. However, 
electrostatic actuation requires higher voltages than desired with values ranging 
from 20 to 100 V. 

In attempts to lower this actuation voltage while maintaining the same RF 
performance, piezoelectric actuation has been chosen as a promising choice. Using 
lead zirconate titanate (PZT) material, RF MEMS switches have been measured to 
have low actuation voltage with great RF characteristics from DC to 65 GHz [2], 
[3], [4], [5]. The actuation voltage is as low as 2 V with insertion loss less than 1 
dB and isolation greater than 20 dB for frequencies up to 40 GHz. 
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Using RF MEMS switches, SP4T junctions have been presented in the past 
for RF applications, such as phase shifters and phased arrays [6]. In order to 
improve the RF performance of these devices, it is essential to obtain good 
responses from each of the switching components. 
For the first time, this paper presents a SP2T and a SP4T device operated with PZT 
MEMS switches similar to the one shown in Fig. 1. Similar SP2T and SP4T 
devices have been tested with electrostatically actuated MEMS. Tang et al. [7] 
reported a SP2T with 12.5 V actuation and 0.9 dB at 20 GHz. Muldavin et al. [8] 
reported a SP4T with 0.26 dB loss but with higher actuation voltage. In this paper, 
0.75 dB loss at 20 GHz with an actuation voltage of 7 V for the SP4T is reported. 
The circuits have been fabricated using surface micromachining technology 
developed at the Army Research Laboratory (ARL). 

 

            
 

a) 
 

        
 

              b)                                                                                        c) 
 

Fig. 1. (a) Fabricated single PZT switch  
(b) open state (c) closed state at 10 V [5]. 

 
2. SWITCH  DESIGN 
 

Individual PZT switches have been designed at ARL as shown in Fig. 1. The 
switches show great RF characteristics of greater than 20 dB isolation and less than 
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0.5 dB loss up to 50 GHz. These switches are used in the design of a SP2T and a 
SP4T that have been simulated with ADS Momentum and HFSS. Some. 

 

 
 

Fig. 2. Layout of the designed SP4T and the  
PZT MEMS switches. 

 
Some tradeoffs have been taken as the simulations are simplified ideal case 

versions in order to reduce the simulation time to more manageable levels. The 
overall size of the final design is 1.6 mm × 2.2 mm and the individual switches take 
up about 230 μm × 200 μm. The layout and dimensions are shown in Fig. 2. The 
signal line width is 75 μm and the optimal simulated performance came with a 
spoke width (the line width in the spoke region) of 27 μm. All bends in the circuit 
have been optimized for the best impedance match ranging from 20 to 25 μm. In 
addition, there are 15 μm air bridges across all of the bends and discontinuities in 
the CPW line, and also along the 5 μm actuator bias lines. The air bridges are for 
suppressing extra modes that can rise from the discontinuities as well as connecting 
the ground planes.  

The fabrication was done at the ARL cleanroom facility. Starting with the 
seed layer of patterned Pt and PZT, next, the structural layer is patterned with ion 
etching that exposes the silicon for the eventual release etch. The CPW lines are 
patterned and the contact dimple is made for minimal contact area. Then, the 
sacrificial layer is patterned followed by the bridge layer. O2 plasma is used to 
remove the sacrificial layer and XeF2 is used to remove the silicon underneath the 
actuators. The bulk of the fabrication procedure is explained in detail in earlier 
publications [4, 5]. The only significant change in the fabrication process involves 
altering the sacrificial photoresist layer to enable a liftoff procedure to pattern the 
gold used for the air bridge and cantilevers. It should be noted that the open 
cavities near the switch junctions were created with the same XeF2 etch step that 
releases the PZT actuators. 
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3. RESULTS AND DISCUSSION 
 

Fig. 3a) shows the ADS Momentum simulation result as well as the measured 
response of the SP2T. Only S21 of the SP2T is simulated since the structure is 
symmetric. The dielectric loss is not included in the simulations as we merely want 
to optimize the structural dimensions. 

 
 

      
 

                                        a)                                                                                        b) 
 

Fig. 3. a) Comparison of the simulated (thin lines) and measured  
responses (thick lines) of the SP2T, b) isolation. 

 
This accounts for the simulated response having less loss compared to the 

actual measurements. As stated above, simulating a MEMS switch in a 2.5-D 
simulation has its limits. The optimal case has been taken in which the down state 
MEMS switch is replaced by a microstrip line. With the knowledge of the RF 
characteristics of a single PZT MEMS switch and the simulation results, we can 
estimate the expected loss of the actual SP2T. The PZT MEMS switch should add 
about 0.25 dB/switch of loss at 20 GHz and 0.5 dB/switch of loss at 40 GHz. Also, 
we should add an additional 0.25 dB of loss to include the dielectric loss. The 
expected actual loss will be 0.7 dB at 20 GHz and 1.2 dB of loss at 40 GHz. 

The measurement of the s-parameters was carried out using an Agilent 
E8361A vector network analyzer from DC to 50 GHz. Looking at the measured 
response from Fig. 3(a), there is less than 2 dB of loss up to 40 GHz with an 
actuation voltage of 7 V. Also, the results agree well with the simulated response 
when accounting for the additional loss not in the simulated response. In Fig. 3(b), 
we can see that the isolation is greater than 20 dB from DC to 50 GHz for both the 
S21 and S31 responses. A DC current of 100mA is sent through the circuit in 
attempt to break through any residue that can be left on the contact point. The PZT 
switches have introduced parasitic capacitance and inductance as well as contact 
resistance that have not been accurately modeled in the initial simulations. 
Including accurate models of MEMS switches lead to memory problems and time 
consuming simulations that have been replaced with ideal modeling of the MEMS 
switches. We can conclude that there remains space for improving the matching of 
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the SP2T switch, but the overall response reflects the advantage of using PZT 
switches in this application. 

 
 

     
 

                                              a)                                                                            b) 
 

 
 

c) 
 

Fig. 4. Comparison of simulated (thin lines) and measured 
(thick lines) response of a) S21 and b) S31 and  

c) is the isolation of all paths. 
 

Fig. 4 shows the comparison of the simulated and measured response of the 
SP4T. Only the S21 and S31 of the SP4T are simulated since the structure is 
symmetric as well. Similar to the estimation of overall loss done for the SP2T, we 
can estimate the expected loss for the SP4T. Adding the switch loss and dielectric 
loss, the resulting estimated overall loss of the SP4T should be 0.75 dB at 20 GHz 
and 1.5 dB at 40 GHz. 

From Fig. 4a-b), we can see that on average, the insertion loss is less than 1 
dB at 20 GHz and about 2 dB at 40 GHz. The reason for more loss in the S21 path 
is because the bend at the junction is greater than that of the S31 path, which makes 
it harder for the signal to propagate. The return loss is greater than 15 dB up to 
about 30 GHz. Similar to the SP2T switch, the SP4T does not exhibit a great match 
at higher frequencies in contrast to the modeling predictions. Looking at Fig. 4c), 
the isolation is greater than 20 dB up to 50 GHz. Comparing to the simulated and 
estimate results, we have an additional 0.5 dB of loss to account for.  
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                                                  a)                                                               b) 
 

 
 

c) 
 

 
 

d) 
 

Fig. 5. Fabricated a) SP2T and b) SP4T and  
SEM pictures of c) SP2T and d) SP4T. 
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Possible reasons include contact contamination from the fabrication process 
and discrepancies between the simplified simulation and the actual switch 
response. The additional loss is not a big deviation from the measured results and 
the overall response is well estimated with the simulations. The reflection still has 
room to improve with better modeling of the PZT MEMS switch in the SP4T 
simulation. 

Fabricated devices are shown in Fig. 5. The SP2T in Fig. 5a) and 5c) has one 
input and two PZT MEMS switches leading to the outputs. The SP4T shown is Fig. 
5b) and 5(d) has one input and four PZT MEMS switches leading to outputs. In 
both cases, any given path will require one PZT MEMS switch to operate. The 
overall dimension is 2.2 mm by 1.6 mm. 
 

4. CONCLUSION 
 

A SP2T and SP4T switch has been designed, fabricated, and measured taking 
advantage of the great RF characteristics of PZT MEMS switches. With high 
isolation and low loss beyond 40 GHz along with a low actuation voltage of 7 V, 
the SP2T and the SP4T switch show promising use for RF applications, such as 
phase shifters and phased arrays. The isolation is below -20 dB from DC to 50 GHz 
and the insertion loss is less than 1.8 dB up to 40 GHz for the SP2T and less than  
2 dB up to 40 GHz for the SP4T. 
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Abstract. In this paper, inkjet-printed flexible antennas fabricated on paper 
substrates are introduced as a system-level solution for ultra-low-cost mass production 
of UHF Radio Frequency Identification (RFID) Tags and Wireless Sensor Nodes 
(WSN) in an approach that could be easily extended to other microwave and wireless 
applications. The presented material is a review of our group’s major reported 
milestones in this area. First, we discuss the benefits of using paper as a substrate for 
high-frequency applications, reporting its very good electrical/dielectric performance 
up to at least 1 GHz. The RF characteristics of the paper-based substrate are studied by 
using the microstrip ring resonator in order to characterize the dielectric properties 
(dielectric constant and loss tangent). Then, we give details about the inkjet printing 
technology, including the characterization of the conductive ink, which consists of 
nano-silver-particles, while highlighting the importance of this technology as a fast and 
simple fabrication technique especially on flexible organic (e.g. LCP) or paper-based 
substrates. A compact inkjet-printed UHF “passive-RFID” antenna using the classic T-
match approach and designed to match IC’s complex impedance, is presented as a 
demonstrating prototype for this technology. In addition, the author briefly touches up 
the state-of-the-art area of fully-integrated wireless sensor modules on paper and show 
the first ever 2D sensor integration with an RFID tag module on paper, as well as the 
possibility of a 3D multilayer paper-based RF/microwave structures. The presented 
approach could potentially set the foundation for the development of low-cost light-
weight autonomous nodes for cognitive intelligence applications and for wearable 
communication and biomonitoring systems.  

 
 

1. INTRODUCTION  
 

In the last few years, automatic identification requirements have increased 
tremendously in a multitude of areas, including logistics, Aero-ID, sensing, anti-
counterfeiting, supply-chain, space, healthcare and pharmaceutical [i]. This 
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demand is further enhanced by the need for inexpensive, reliable, and durable 
wireless RFID-enabled sensor nodes [2]. There are a few major challenges in 
today’s RFID technologies impeding a large-scale practical implementation, the 
most challenging one being the realization of ultra-low-cost tags. RFID tags for 
mass production. Another challenge is the variety of applications in different 
frequency bands around the world, ranging from the UHF band (900 MHz) to RF 
(2.4 GHz), and up to millimeter wave (60GHz).  

The block diagram of Wireless Sensor Network architecture is presented in 
Fig. 1. Potential solutions for the module-level integration include printing the 
battery on the top with recharging energy-harvesting mechanisms such as light, 
pressure or temperature, printable sensors and technologies like flip-chip and 
TSSOP for the IC integration[3-6].  

 

 
 

Fig. 1. Wireless Sensor Node Architecture. 
 
Paper has all the attributes to be one of the most appropriate organic-based 

substrates for UHF and RF applications. Its wide availability, the high demand and 
the mass production make it the cheapest material ever made. Paper is suited for 
reel-to-reel processing and, more importantly, it is environmentally friendly. Paper 
also has low surface profile and, with appropriate coating, it is suitable for fast 
printing processes such as direct write methodologies instead of the traditional 
metal etching techniques. A fast process, like inkjet printing, can be used 
efficiently to print electronics on/in paper substrates. In addition, paper can be 
made hydrophobic and/or fire-retardant by adding certain textiles to it [7].  

However, there are hundreds of different paper materials available on the 
market, varying in density, coating, thickness, texture, and implicitly, electrical 
properties and constitutive parameters (dielectric constant, loss tangent, etc.). That 
makes the RF characterization of paper substrates an essential step before any RF 
“on-paper” designs.  

The dielectric characterization has been achieved by the authors for the UHF 
frequency range [8]. The results of dielectric constant and dielectric loss tangent 
have been used in the antenna design sections.  
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Inkjet-printing is a direct-write technology by which the design pattern is 
transferred directly to the substrate, and there is no requirement of masks contrary 
to the traditional etching technique which is widely used [9]. In addition, unlike 
etching which is a subtractive method by removing unwanted metal from the 
substrate surface and which also uses chemicals such as the etchants throughout the 
fabrication process, inkjet-printing jets the single ink droplet from the nozzle to the 
desired position, therefore no waste is created, resulting in an economical 
fabrication solution. This aspect, together with the fact that the chemicals necessary 
for etching are eliminated, makes this approach environmentally friendly also.  

Since silver has the highest electrical conductivity of all metals; the inkjet-
printing process uses silver nano-particle inks to ensure good metal conductivity. 
After the silver nano-particle droplet is driven through the nozzle, sintering process 
is found to be necessary to remove excess solvent and to remove material 
impurities from the depositions. Sintering process also provides the secondary 
benefit of increasing the bond of the deposition with the paper substrate [10]. The 
conductivity of the conductive ink varies from 0.4~2.5×107 Siemens/m depending 
on the curing temperature and duration time. Fig. 2 shows a photograph taken by a 
fiducial camera of the Dimatix Material Printer DMP-2800 of an edge section 
(hence showing the substrate to the left of the ink) of the T-match bowtie antenna 
of section 4. The total view width is 1.628 mm while the total height view is  
1.221 mm with resolution of 2.54 microns.  

Curing the nano-silver particles has to occur before any operation of the ink 
as a good conductor. Curing at lower temperature, large gap exists between the 
particles, resulting in a poor connection. When the temperature is increased, the 
particles begin to expand and gaps start to diminish. In this paper, the conductivity 
performance is ensured by a bulk inkjet-printed layer which allows the realization 
of the right metal thickness. Curing temperature of 100oC and duration time of ten 
hours is used in the following fabrication to sufficiently cure the nano-particle ink. 
However, other methods such as UV or photonic curing may be used, which takes 
up only few seconds. The inkjet printing on-paper approach is very repeatable, 
allows for features down to 20μm and can be easily utilized for other passive 
functions, such as filters, baluns in single or multilayer (multi-sheet) configurations 
[9].  

 

Fig. 2. Photograph of silver ink 
on paper by fiducial camera with 
a resolution of 2.54 microns. 
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As a preliminary demonstration to an all-printed RFID module [10], two 
passive RFID tags were developed in this section. Passive tags utilize energy from 
an RFID reader antenna to power up the IC and communicate with the RFID reader 
antenna through backscatter concept. The main challenge for this application was 
the miniaturization of the passive tags in the UHF RFID frequency range (at the 
lower end: 866 MHz to 868 MHz in Europe and the upper limit: 952 MHz to  
954 MHz in Japan with US frequency band being 902 MHz to 928 MHz). Another 
challenge was the matching of passive RFID antennas to the impedance of the IC, 
which commonly exhibits complex (highly capacitive) behaviour, for optimum 
range and power flow in/out of the passive tag while communicating with the 
reader. Last but not least is the challenge of a worldwide operability of a tag 
antenna or design of an antenna that is capable of replying to different frequencies 
as set by Gen2 standards to meet all regulations.  

The first design of choice was a half-wavelength tapered-width U-shaped 
antenna, shown in Fig. 3. The two stubs, namely inductive and shorting stubs, 
shown in Fig. 3 are responsible for the matching of the antenna terminals to the IC 
impedance of value 16-j350 Ohms, which is expected to have a flat response over 
the UHF RFID frequency band. The resistive stub primarily matched the radiating 
body’s total input impedance to the resistive part of the IC while the inductive stub 
primarily matches it to the reactance part of the IC. The tapered width of the two 
arms offers an increased bandwidth compared with most of the available passive 
RFID tags that exhibit about 1-2 % bandwidth only [11]. The dimensions of this 
antenna are 8.2 cm × 4.5 cm.  

This method of introducing stubs is very effective in matching to any 
arbitrarily IC impedance (ZIC). The target ZIC 

used in this design was Philips EPC 
1.19 Gen2 RFID ASIC IC which exhibits a stable impedance behavior of  
16-j350 Ω over the frequency 902 MHz→928 MHz.  

Return Loss (RL) plot is shown in Fig. 5 with a bandwidth of 
905MHz→925MHz defined by a value of RL < -10dB, with radiation efficiency of 
92%, for an excellent read range of the RFID tag. The radiation pattern of the 
antenna is quite similar to that of a classic dipole as shown in Fig. 6 which is 
desirable in most RFID applications.  

 

                                               
 

Fig. 3. Photograph of U-shaped 
Antenna showing flexibility. 
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Fig. 4. U-shaped Antenna showing matching stubs.  
 

 
 

Fig. 5. Return Loss of U-shaped Antenna showing bandwidth.  
 

 
 

Fig. 6. Radiation Pattern of U-shaped Antenna.  
 
4. RFID-SENSOR INTEGRATION  
 

In addition to the basic RFID automatic Identification capabilities along with 
the technologies and designs discussed above, the authors have demonstrated the 
capabilities of inkjet-printing technology in integrated wireless sensors on paper 
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bridging RFID and sensing technology. The aim is to create a system that is 
capable of not only tracking, but also monitoring. With this real-time cognition of 
the status of a certain object will be made possible by a simple function of a sensor 
integrated in the RFID tag. The ultimate goal is to create a secured “intelligent 
network of RFID-enabled sensors.” For this effort, the authors have developed the 
FIRST Sensor-enabled RFID on-paper, that uses Gen2 protocols as means of 
communication on paper substrate. The authors have also investigated enhanced-
functionality RFID’s on organics/paper for automotive applications, specifically 
for tire-pressure monitoring.  

As a first benchmark, a microcontroller-enabled wireless sensor module was 
realized on a paper-based substrate. The system level design for this wireless 
transmitter can be seen in Fig. 7. At the heart of the unit was an integrated 8-bit 
integrated microcontroller unit, that was programmed to sample an analog 
temperature sensor, perform an analog to digital conversion of the sensed data, bit 
encode the digital form of the sensed data into full 2 sub carrier cycle Miller bits 
and finally modulate the power amplifier in the integrated transmitter module in the 
same sequence as bit-encoded, digital sensor data using Amplitude Shift Keying 
(ASK) modulation. The transmission frequency of 904.4 MHz was generated by 
using a crystal oscillator that was tied to the input of the phase lock loop (PLL) unit 
of the transmitter. The data transmission was to be carried out at the unlicensed 
UHF frequency around 900 MHz.  

 

 
 

Fig. 7. System-level diagram of a wireless sensor module.  

 
The overall dimensions of the structure shown in Fig. 8 are: 9.5 × 5 cm2. The 

antenna and the traces used for the assembled components including: TC1047 
Temperature sensor, TSSOP packaged IC, Inductors, Capacitors, Resistors, Crystal 
oscillator and Battery. The Return Loss (S11) for the center frequency for the 
antenna terminals was recorded to be -15.05 dB for the simulated structure using 
the full wave EM simulator HFSS and -12.45 dB using the ZVA-8 VNA. The 
normalized radiation pattern, as shown in Fig. 9, was also measured using Satimo’s 
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Stargate 64 Antenna Chamber measurement system by using the NIST Calibrated 
SH8000 Horn Antenna as a calibration kit for the measured radiation pattern at 904 
MHz. This prototype was tested for wireless transmission using a XR-400 RFID 
reader antenna interfaced to a Tektronix RSA 3408A Real Time Spectrum 
Analyzer (RTSA) and the measured power was recorded to be -68 dBm.  

This module can be easily extended to a 3D multilayer paper-on-paper 
RFID/Sensor module by laminating a number of photo-paper sheets (260 μm 
thickness/sheet). This is expected to decrease the cost of the sensor nodes 
significantly and eventually realize “ubiquitous computing networks” with a 
convergent ability to communicate, sense, and even process information.  

 

            
 

Fig. 8. Wireless Sensor transmitter prototype on paper 
substrate silver-inkjet printing technology. 

 

              
 

Fig. 9. Measured radiation pattern of U-shaped antenna. 
 

The above prototype is the first step in the deployment of ubiquitous 
wearable sensors. In the future, this platform could enable the development of 
flexible hybrid paper/liquid electronics [11] for biomonitoring applications, as well 
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as it could be realized in 3D “magic-cube” configurations [12] for enhanced-
functionality “smart-dust” applications. Further details about these two future paths 
will be presented at the MEMSWAVE 2008 conference.  

 
5. CONCLUSION  
 

In this paper, the RF characteristics of paper substrates and the utilization of 
direct-write inkjet-printing technology have been investigated and have enabled the 
development of a novel ultra-low cost fabrication of antennas on a paper substrate 
over the UHF frequency range. Two RFID tag prototype modules on paper-based 
substrates operating in the UHF frequency band were designed and inkjet printed, 
both featuring excellent performance. These first steps could potentially 
revolutionize the RF industry and allow for the implementation of large-scale, 
simple, low-cost fully integrated on paper and multi-band Wireless Sensor 
Networks.  
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Abstract. A major issue in the reliability of electrostatically actuated RF 
MEMS is dominated to dielectric charging troubles, since it generally induces a quick 
component failure. By using dielectric less actuator implemented on RF MEMS 
switches, it has been showed that this phenomenon is strongly attenuated. Also, the 
lifetime of the switch highly increases and charge trapping becomes residual. In this 
study, this actuator has been implemented on two kinds of RF MEMS switches: 
capacitive and ohmic contact. Based on experimental results, the actuator longterm 
reliability is presented and pull-down pull-up voltage drift behaviors are observed and 
modeled. Based on Curie–Von Schweidler equation, we demonstrate that the failure of 
these specific actuators can be predicted with a good accuracy. The projected lifetime 
of current RF-MEMS dielectric less switches held in the down state is expected to be 
several months or years, whereas the same switches held in the down state 50% of the 
time with a 10 Hz square bias voltage will have a lifetime of several tens of months or 
years. 

 
 

1. INTRODUCTION 
 

RF-MEMS switches are one of the most promising applications in micro-
technologies development for telecommunication thanks to their low loss, low 
power consumption and small size. However, their integration is currently slowed 
by reliability problems, especially dielectric charging which is one of the main 
failure mechanism. 

Indeed, using a dielectric layer to protect the bottom electrode from the top 
moveable electrode, parasitic charge injection phenomenon occurs into this 
dielectric thin film, due to a large electric field required to actuate the MEMS. As 
the result, an uncontrollable drift in the MEMS switch C(V) characteristics 
appears. This phenomenon has been the subject of intensive studies over the past 
few years [1-4] and several models, based on different conduction mechanisms 
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have been developed. However, practical solutions proposed up to now to prevent 
or at least to sufficiently reduce this charge injection effects stay still insufficient to 
reach the expected component lifetime for industrial applications. 

In this work, we have studied a specific electrostatic actuator design without 
dielectric layer as a solution to improve dramatically the switch reliability. Several 
structures have been presented in the past few years using this principle with 
interesting properties [5-7]. This paper is expected to discuss on the reliability 
benefit of this new generation of actuators. Hence, we present experimental results 
on charging mechanisms observed on long-term with this actuator implemented 
indifferently on capacitive or ohmic contact switches. A model of the long-term 
drift prediction will be introduced with a good agreement with experimental 
measurement. Some similar studies were already accomplished in [3] and [8]. 
 

2. DIELECTRIC LESS ELECTROSTATIC ACTUATOR  
FOR RF MEMS SWITCHES 

 
This actuator concept has been implemented to design indifferently 

capacitive or ohmic contact switches as can be shown respectively on Fig. 1 and 
Fig. 4. Both have been fabricated on a sapphire substrate favored for its low loss 
characteristic in RF frequency. 

To design such actuator, specific mechanical stoppers have been introduced 
under the switch movable beam, allowing this metallic plan to stop before any 
contact can occur with its actuation electrodes. In our case, these stoppers are made 
of the same metal than the switch beam and contact only on the substrate, allowing 
leaving a small air gap between the top and bottom electrodes. A sketch of the 
actuator down state is shown on Fig. 3 when the switch is actuated. As shown, 
charging can not occurs in any dielectric layer thin film. However, the applied bias 
voltage results in non-negligible electric field between the contact pads and the 
bottom electrode, especially in the substrate. Indeed, typical distances between 
electrodes are about 5 μm, with 60 to 80 Volts applied. This level is very 
comparable to 30-40 Volts applied on a conventional 2 μm high bridge metal 
switch, where it was shown that dielectric polarization can be large enough to 
modify the pull-down pull-up voltages of the switch. As the result, in such actuator 
designs the substrate electrical quality and dielectric loss properties will be an 
important parameter for the switch reliability. 

In the capacitive switch design, a 250 μm long “curled shape” Cr/Au/Cr tri-
layer cantilever structure is used, for its thermal stability. Moreover due to its 
curvature, the available large air gap in the cantilever end (15-20 μm) allows a 
higher impedance contrast between open and closed states and also results with a 
moderate actuation voltage in the 50 V range. On the other hand, 6 lines of 5 
mechanical stoppers have been patterned to uniformly cover the cantilever surface 
and to prevent any contact with the bottom electrode during the progressive beam 
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deflection when the switch actuation occurs. As the result can be seen on Fig. 2, the 
bottom actuation electrode pattern presents several holes in front of the cantilever 
mechanical stoppers, which then contact only on the substrate. In this design, the 
actuation electrode also acts as RF electrode and the contact stopper thickness  
(0.5 μm) allows controlling the switch down state capacitance. Typical 9 to  
10 On/Off impedance ratios are generally reached with such components. 

 

 
 

Fig. 1. Dielectric less electrostatic actuator implementation  
in a RF MEMS capacitive switch. 

 

 
 

Fig. 2. Dielectric less actuator operating principle on a  
RF MEMS capacitive switch. 

 

 
 

Fig. 3. Sketch of the actuator in the down state. 
 

In case of ohmic contact switch design, only two mechanical stoppers are 
used in order to keep the maximum contact force allowable at the end of the 
cantilever structure Fig. 5, in the zone where the metal to metal contact with the RF 
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electrode occurs. The contact material is pure gold. These two metallic mechanical 
stoppers, made under the cantilever, have been introduced on the sides of the 
switch beam. Their location and thickness have been optimized to keep a sufficient 
actuation electrode surface and contact force on the metal to metal contact areas. In 
this design, 90 to 130 μm long and low stress gold cantilever structure is considered 
to generate a sufficient contact force that allows reaching contact resistance in the  
1 ohm range per contact. As the result, typical actuation voltages are in the 70-80 V 
range. 

 

 
 

Fig. 4. Dielectric less electrostatic actuator implementation  
in a RF MEMS ohmic contact switch. 

 

 
 

Fig. 5. Top view of the electrostatic actuator layout on a  
RF MEMS ohmic contact switch. 

 
3. RELIABILITY  STUDY 
 

To study specifically the actuator reliability, a dedicated test bench has been 
used allowing monitoring the evolution of the switch pull-down and pull-up 
voltages over time, for different stresses, from [6] and [7]. Moreover, although 
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tested switches are not packaged, all tests were performed under dry nitrogen in a 
controlled atmosphere chamber. 

As shown on Fig. 6, the actuator is biased with a specific periodic actuation 
waveform. Thanks to a quick (15 ms) positive triangular pulse, the switch C(V) 
characteristic is recorded. Then, during the remaining 985 ms, a chosen stress is 
applied. In the case of a continuous positive DC stress, the switch stays 98% of the 
time actuated which can be considered as a “worst case testing”. Another possible 
stress is to apply a 10 Hz unipolar square waveform with a user specified duty 
cycle, as conventionally used cycling waveforms. 

 

 
 

Fig. 6. Typical biasing waveforms used to measure  
the pull-down and pull-up voltage shifts during the  

dielectric less switch is stressed or not. 
 

 
 

Fig. 7. Typical recording sequence for lifetime testing on  
Dielectric less actuator switches. 

 
Although the switch is not made with any dielectric layer, we still observe a 

residual charging, which in fact occurs in the substrate. Nevertheless, when the 
device is put to a specific stress, the actuation voltage drift is different and presents 
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a better reliability than the classical behavior usually seen. Fig. 7 shows a charging 
– discharging measure on this type of actuator. During the charging phase, the 
switch is put in the down state by a 70 V DC stress applied 97.7% of the time. The 
actuator pull-down voltage loses only 8 Volts in 25 hours. Furthermore, the 
observed charging phenomenon is reversible but taking longer time to fully 
discharge the actuator. 

Experimental results, presented on Fig. 8, for a capacitive switch, and Fig. 9, 
for a ohmic contact switch, with a double logarithm axes plot scale, show that the 
influence on the pull-down voltage drift characteristic of a periodic square signal as 
biasing waveform stress follows a Curie - Von Schweidler behavior [9]. In 
addition, measured voltage drifts are proportional to the applied waveform duty 
cycle. 

 
 

Fig. 8.  Double logarithm axes plot of the measured pull-down 
voltage shift over time on a dielectric less capacitive switch for 

applied waveform with 97.7~100% duty cycle (green), 50%  
(brown) and 25% (blue). The Curie Von Schweidler fit is  

shown for each curve with n=0.295 (red). 
 

 
 

Fig. 9. Measured pull-down voltage shift over time on a dielectric 
less ohmic contact switch for 97.7%~100% duty cycle (brown),  
70% (green) and 40% (blue) and the corresponding modeling  

fit (red) with n=0.28. 
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Considering that the stored charge in the actuator is proportional to the 
observed voltage drift dV, the equation of the single model considered is: 
 

dV = A × (Dcy) × tn                                                 (1) 
 

where dV is the measured voltage drift, t is the stress time, Dcy is the duty cycle 
and A and n are model-building coefficients (on Fig. 8, A = 0.88 and n = 0.28, on  
Fig. 9, A = 0.9 and n = 0.295).  
A simple computation shows that the time taken for a specific duty cycle bias stress 
to reach the same level of charging than the 100% duty cycle stress is Dcy-1/n. For 
example on Fig. 8, it takes (50%)-1/0.295=10.48 times more with 50% duty cycle; for 
the 25% curve, it would be (25%)-1/0.295=109.8 times longer. This explains why this 
phenomenon is not easily seen under a cycling stress. Furthermore, it allows 
predicting the switch lifetime from a quick test at 100% duty cycle. 

For further validation, a capacitive switch has been held in the down state for 
one month. The pull-down voltage shift recording is shown on Fig. 10. After one 
month, the measured shift is 20 volts, and the Curie–Von Schweidler model 
follows very well the measured evolution in the first 106 seconds. 

 

 
 

Fig. 10. Measured pull-down voltage drift of a dielectric less  
capacitive switch held in the down state for 1 month  

(blue) and Curie-Von Schweidler fit (red). 
 

4. CONCLUSION 
 

Residual charging in dielectric less electrostatic actuators for RF-MEMS 
switches has been studied and the benefits on lifetime have been demonstrated. 
This type of actuator strongly extends the lifetime of this devices. We have seen 
that the observed drift in pull-down or pull-up voltages under various stresses can 
easily be modeled using a simple Curie-Von Schweidler equation with good 
accuracy. It allows predicting the long-term behavior of such actuator, based on an 
only short period of test (less than one hour). It has been shown that hold down 
periods longer than one month without failure of the switch actuator are today 
feasible, without applying any special bias waveform. It is also shown that 
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reducing the duty cycle of the bias signal from 100% to 50% results in 10 times 
lifetime improvement of the electrostatic actuator. 
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Abstract. The reliability of RF-MEMS switching devices becomes more and 
more important. The lifetime of capacitive switches is mainly limited by dielectric 
charging. By realizing a capacitive switch without dielectric its lifetime can be 
significantly improved. This paper presents a technology to fabricate capacitive RF-
MEMS switching devices without dielectric. It consists of a thick membrane that 
defines an airgap capacitor with 2 different states. It is shown how these switched 
capacitors, even though having a low capacitance ratio, can still form adequate 
switching devices and RF-circuits by proper design and combining these devices with 
high-Q inductors and transmission lines. Lifetimes of more than 1×108 cycles with 
unipolar actuation are observed. 

 
 

1. INTRODUCTION 
In this paper we present a simple process that allows the realization of 

reliable RF-MEMS circuits with a high functionality and a long lifetime. Due to its 
simplicity it is also relatively easy to integrate with other technologies. The main 
failure mechanisms in RF-MEMS switching technologies are related to either 
dielectric charging for capacitive switches or contact degradation for ohmic 
switches [1]. To overcome these problems an increasing demand on the packaging 
and on the process complexity can be observed. By removing the dielectric from 
the active area of capacitive switches, many of the original failure mechanisms are 
removed. Substrate charging may still remain an issue, as demonstrated in [2]. 
However, at the same time, replacing the typically thin high-k dielectric from the 
capacitive device reduces the capacitance ratio, which is an important figure of 
merit of an RF-MEMS capacitive switch. Nevertheless several groups have 
demonstrated capacitive switching devices without dielectric that show a high 
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performance [3] [4]. Furthermore, through proper design, even low capacitance 
ratio technologies combined with high-Q inductors and transmission lines still offer 
the possibility to design adequate switching devices as well as Rfcircuits [5]. The 
device presented here is an example of the latter. 
 

2. BASIC PRINCIPLE 
The switchable capacitor we propose consists of an electrostatically actuated 

bridge structure that switches an airgap capacitor. Dimples on the bottom side of 
the bridge define this airgap in the down state (after pull-in) as illustrated in Fig. 1. 
The capacitance ratio is defined by the two different gap heights; d0 in the up-state 
(defined by the sacrificial layer thickness) and d1 in the down-state (defined by the 
dimples). The bridge consists of a 300×600 μm, 10 μm thick membrane which is 
suspended with four 30 μm wide and 400 μm long springs as shown in Fig. 2, as a 
result the membrane has a much higher (bending) stiffness than the springs. This 
high stiffness together with strategically placed dimples in the membrane prevents 
it to collapse on the bottom electrode in the down-state. 

 

                  
 

The 10 μm diameter and 500 nm high dimples land after pull-in on 15 μm 
diameter circular electrically isolated islands within the bottom electrode. Fig. 3 
shows several distributions of the islands in the bottom electrode that have been 
studied. It was found that a layout with only 6 islands in the bottom electrode 
(design 5) is sufficient to prevent the membrane to collapse on the bottom electrode 
after pull-in. 

                                      

Fig. 1. Sketch of basic 
working principle of the 
switchable capacitor. 

Fig. 2. microphotograph 
of an airgap switch seen 
from front side and back 
side. 
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Since the capacitance of a parallel plate capacitor is directly related to the distance 
between the plates, the capacitance ratio Cdown/Cup is defined by the ratio of the gap 
height in the up-state and in down-state d0/d1. The capacitance ratio can be 
improved by either increasing d0, which would result in a higher pull-in voltage, or 
reducing d1, by decreasing the height of the dimples. The scaling of both 
parameters is limited by the electric field in the airgap which should remain below 
the breakdown field of the gas in which the switch operates. Actuation of the 
switch results to a minimum electric field of Emin=Vpull-in/d1. The current design of 
the springs gives a pull-in voltage of around 50 Volt, which with a gap of 500 nm, 
would result in an electric field close to ~108V/m. 

 

 
 

Fig. 3. Illustration of the investigated distributions  
of  islands  in  the  300 μm × 600 μm  bottom 
electrode and the observed collapse voltages  

for 500 nm high dimples. 
 

3. FABRICATION  PROCESS 
The process consists of 4 lithographic steps and is intended to be very robust 

and reproducible. Fig. 4 shows how the process starts with patterning a 1 μm thick 
aluminum alloy (AlCu0.5%) bottom metallization on a 200 mm quartz wafer (1). On 
top of this layer a 3 μm thick PW-1530 polyimide sacrificial layer is spin coated 
and photolithographically patterned. After the 250°C crosslink bake, 500 nm deep 
dimples are dry etched in the polyimide (2). 
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Fig. 4. Sketch of fabrication process. 
 

 
 

Fig. 5. SEM image of topview of the device. 
 

Next a 10 μm thick nickel film is electroplated through a photoresist mold. 
This layer serves both as the armature material and as signal line metallization (3). 
Finally, the sacrificial layer is removed in an O2-plasma (4). Alternatively a wet 
release in microstrip followed by a critical point drying step can be used. Fig. 5 
shows that both the height of the dimples and of the airgap are relatively small 
compared to the thickness of the Ni membrane. 

The dimples of the membrane land on islands fabricated in the same bottom 
metallization as the electrode as depicted in Fig. 6. Since the slots between the 
electrode and the islands are only 5 μm wide, the polyimide shows a good 
planarization of these slots. The thickness of the polyimide at the dimple-location 
before the etching of the dimple in the polyimide is therefore the same as the 
thickness of the polyimide above the electrode. This allows a good definition of the 
dimple height in relation to the membrane itself. The dimpleetching is done with in 
a O2 plasma through a metal hardmask in a Matrix bobcat downflow reactor. Only 
a small number of openings in the mask are defined, which results in a low loading 
during the plasma etching. This gives a high uniformity in the depth of the etched 
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dimples (etch depth difference of ~2%). The resulting dimples, shown in Fig. 7, 
have a low roughness and smooth sidewalls. 
 

 
 

Fig. 6. sketch of membrane at the location of the dimples. 
 

 
 

Fig. 7. SEM image of the membrane backside. 
 

The armature is realized by electroplating nickel through a photoresist mold 
with a Ti(30 nm)/Cu(500 nm) seed layer. The relatively thick seedlayer guarantees 
a good step coverage at the edges of the sacrificial layer, which is important to 
achieve a good distribution of the plating current over the wafer. A high density of 
nickel structures further helps to increase the plating uniformity. Nevertheless a 
variation in thickness of 3% within a structure and of ~6-8% within a 200 mm 
wafer is observed. The stress of the nickel film after plating is ~50 MPa 
compressive, but after a 180°C anneal step the stress becomes 150-200 MPa 
tensile. The bend in the springs is intended to reduce the dependence of the 
performance of the switch on the stress in the bridge. 
 

4. MEASUREMENTS & DISCUSSION 
The low stiffness of the springs compared to the membrane results in a device 

that pulls in at 45 V with a capacitance ratio close to 1:1.8 with Cdown/Cup =3.25 
pF/1.83pF. The C-V measurement in Fig. 8 shows not the sharp pull-in as 
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commonly observed with capacitive switches but an initially more graduate change 
in capacitance. The RF-characteristics of the switchable capacitor in shunt 
configuration are shown in Fig. 9. 

 

 
 

Fig. 8. CV-measurement of the switchable capacitor. 
 

 
 

Fig. 9. RF-measurements and simulation results 
for an airgap switchable capacitor in shunt 

configuration. 
 

With a device with these basic characteristics several RF-circuits can be 
realized. In this paper we present two examples: an RF-switch that functions as a 
tunable notch band filter as shown in Fig. 10 and an enhanced tunable notch band 
filter as shown in Fig. 13. 

For the RF-switch the signal transmission in the upstate, characterized by the 
S12 parameter, is optimized by matching the up-capacitance of the switchable 
capacitor and the inductive feeding lines. In the down-state, S12 is strongly 
influenced by the resonance of the lumped LC circuit between the MEMS and the 
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ground. The thick Ni layer allows defining high-Q inductors (Lseries) that in turn 
make it possible to define compact low frequency LC tanks of which the circuit 
representation is shown in Fig. 11. The comparison between measurement and 
simulation results for a device with a 4 μm gap in up state and a 1 μm gap in down 
state, shown in Fig. 12, shows only a small deviation. 
 

               
 

      Fig. 10. Microphotograph                               Fig. 11. Circuit representation of an RF-switch  
       Picture of an RF-switch.                                           forming a tunable notch band filter. 
 

 
 

Fig. 12. Simulation results and measured characteristics  
of the RF-switch of Fig. 10. 

 
We can further improve the switching characteristics of this circuit by 

implementing a more complex 2-stage circuit shown in Fig. 13 and Fig. 14. Here 2 
RF switches in shunt configuration are coupled by an inductor (Lcouple). This way 
an enhanced tunable notch band filter is defined with a steep cut off and a wide 
rejection band as shown in Fig. 15. The measurements resemble the simulation 
results for a device with a 4 μm gap in up state and a 1μm gap in down state. 
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Fig. 13. Microphotograph picture of an enhanced  
tunable notch band filter. 

 

 
 

Fig. 14. Circuit representation of the enhanced 
notch band filter. 

 

 
 

Fig. 15. Simulation results and measured characteristics  
of the enhanced notch band filter of Fig. 13. 
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For capacitive switching devices stiction due to interposer dielectric charging 
is the main cause of failure. Since there is no interposer dielectric in the device 
presented here, the only remaining source of charging is substrate charging. 
Lifetime measurements with 50V unipolar actuation, 100 Hz and 50% duty cycle 
in N2 were done as depicted in Fig. 16. During 1×108 cycles no failure was 
observed. The only significant shifts in the up and down capacitance are the result 
of thermal drift in the equipment during the measurement. 
 

 
 

Fig. 16. Lifetime of airgap switch using 50 V unipolar actuation,  
100 Hz and 50% duty cycle in N2 environment. 

 
In order to obtain more information on the charging behavior also the pull-in 

and pull-out voltage were monitored during the lifetime measurements as shown in 
Fig. 17. The pull-out voltage initially shows a rapid decrease but stabilizes after 
~2×107 cycles. This is most likely due to saturation of the substrate charges. After 
1×108 cycles the measurement was stopped since no further drift was observed. 
After the lifetime measurement was stopped the pull-out voltage gradually 
increased in time.  
 

 
 

Fig. 17. Monitored pull-in and pull-out voltages of airgap  
switch using 50V unipolar actuation, 100 Hz 

and 50% duty cycle in N2 environment. 
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This indicates that the substrate charges disappear after the stressing of the device 
is finished. We therefore believe that the substrate charging is not a failure 
mechanism that limits the lifetime of these devices and extremely long lifetimes 
can be realized. It should be noted that the high pull-out voltage is one of the 
conditions that allows the long lifetime of the device. This should be taken into 
account in the design of this kind of devices. 
 

6. CONCLUSION 
In this paper we present a simple and robust technology for realization of RF 

circuits with a high functionality and long lifetimes. The technology consists of a 4 
lithographic steps process which is used to create a MEMS switchable capacitor. It 
consists of a 10 μm thick membrane which is used to switch the height of an airgap 
dielectric. Even though the resulting capacitance ratio is relatively small the thick 
metallization can be used to create compact low frequency LC-tanks which allows 
the creation of several interesting circuits. Due to the absence of an interposer 
dielectric the only source of charging is substrate charging of the quartz substrate. 
Stable lifetimes of at least 1×108 cycles with unipolar actuation have been observed 
but a much longer lifetime is expected. 
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Abstract.This paper is addressing some of the opportunities and challenges 
related to the unique features of Nano-Electro-Mechanical-Systems (NEMS) and their 
potential for future applications. NEMS have generated a large spectrum of original 
new device ideas motivated by their intrinsic characteristics, with potential applications 
in ultimate sensing, analog and radio frequency. However, the path from the simple 
proof of concept of new NEMS device concepts to the full achievement of the 
specifications needed for real-life applications faces difficult obstacles that need 
substantial supplementary efforts and smart engineering for success. Beyond the 
fabrication, modeling, simulation and design challenges of NEMS, integrated interfaces 
for local signal processing are critically needed in many applications. The paper is 
illustrated with some concrete examples of hybrid NEM-semiconductor devices that 
can hold promise for future low power applications of NEMS. 

 
 

1. NEMS OPPORTUNITIES, CHALLENGES  
    AND FUTURE APPLICATIONS 
Nano-Electro-Mechanical-Systems are expected to introduce a revolution 

into future signal processing and system architectures by exploiting some of the 
unique features of ultra-small movable objects that can be operate at unrivalled low 
levels of power [1]. Today, electro-mechanical signal processing is envisioned as a 
key technical area of the More-than-Moore research domain of nanoelectronics. 
Particularly, More-than-Moore is dealing with future electronic systems taking 
benefits from a large variety of devices and technologies (not limited to pure solid-
state electronic devices) and their heterogeneous co-integration, where the Moore’s 
law is not the main driving force (see Fig. 1). In this perspective, MEMS and 
NEMS unique characteristics that complement today’s advances CMOS 
technology nodes are the new functionality and performance opportunities in 
sensing and analog/RF. On the other hand, one should realistically consider the 
benefits and challenges of scaling of MEMS into NEMS and address the generic 
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problems of NEMS interfacing (Fig. 2) with the real world and their integration in 
functional system that should be able to exploit their particular features: poor 
signal-tonoise ratio, extremely low levels of signal, surrounding parasitics, 
detection of nano-displacements, variability, etc. This paper is briefly addressing 
some of the identified major challenges and opportunities of NEMS, by 
confronting academic research ideas with the reality check; the final goal being to 
bridge the scientific discovery and the engineering of real and useful micro/nano-
systems. 
 

 
 

Fig. 1. More Moore, More-than-Moore and Beyond CMOS  
domains of nanoelectronics in size versus time diagram. 

 

 
 

Fig. 2. Illustration of the needs of in terms of bridging micro and  
meso-scale object properties in complex systems, to achieve  

high system performance and useful applications. 
 

First, it is worth noting that NEMS have demonstrate new features for signal 
processing that cannot be mimicked by silicon CMOS. Among their unique 
characteristics one can cite: (i) extremely low power nano-computation [2] 
(nanorelays with zero Ioff currents and zero subthreshold swing for static logic 
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blocks, (ii) fundamental resonance frequencies ranging from 10’s of MHz up to 
10’s of GHz, featuring very high (tens of thousands) mechanical quality factors [1] 
and (iii) mass sensitivities at the level of individual molecules (10-21g) [1]. In 
general these type of performances are naturally accompanied by extreme 
miniaturization and compatibility of their fabrication processes with silicon CMOS, 
which enables the monolithic integration of their functions with modern ICs. 

Presently, the fabrication of NEMS is possible by both top-down and bottom-
up approaches, by a large variety of processes and materials. The top-down 
fabrication has the clear advantage of using established silicon toolbox and define 
the device structures and dimensions by micron and sub-micron optical 
lithography, e-beam lithography, focused ion beam, stencil (shadow-mask) and 
nano-imprint. The etching techniques are inspired by the ones used by the 
microelectronic industry and their control and variability are similar to the ones 
corresponding to modern transistor fabrication. Scaling-down beyond the 
lithographic limits in NEMS fabrication [3] becomes possible thanks to bottom-up 
fabrication techniques such as chemical self-assembly, man-made synthesis (e.g. 
carbon nanotubes) or biological synthesis (DNA, proteins), Atomic Force 
Microscopy (AFM) or Scanning Tunneling Microscopy (STM). Top-down and 
bottom up have specific advantages and disadvantages and their choice is highly 
dependent on the characteristics of the NEM device, the choice of the material 
(electro-mechanical properties) and the needed level of integration: it is very 
probable that in the future top-down and bottom-up techniques should be combined 
for optimized performance and costs. 

Today, silicon nanowires (SiNWs) and carbon nanotubes (CNTs) are the 
main components used for NEMS fabrication, whatever is the type of device (relay, 
resonator, sensor). Silicon nanowires fabricated on top-down silicon platform 
combining traditional lithography with smart processing (spacer technology, 
isotropic etching and sacrificial oxidation) resulting in diameters controlled in the 
range of tens of nm’s and with the smallest diameter of the cross section of the 
order of 5nm, have been recently demonstrated, Fig. 3 (a) and (b) [4]. The 
advantages of such fabrication approach are: the excellent control of the SiNW 
doping, the precise placement of the devices, excellent contacts, availability of 
methods for control of the surface properties and roughness and, finally, the 
possibility to co-integrate the NEM devices with silicon CMOS IC’s. Moreover, 
top-down fabricated SiNWs enable a fast reality check of many new 
MEMS/NEMS principles and of their performances. 

Recently, the MEMS/NEMS field, once exclusively based on silicon, has 
been broaden by the use of more and more different materials. Among them carbon 
nanotubes are very promising candidates for designing and developing NEMS. The 
extraordinary mechanical and electrical properties of carbon nanotubes (CNTs) 
make them ideal candidates as building blocks of nanoelectromechanical systems. 
Their length and diameter can, to a certain extend, be adjusted. They are light, have 
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a very high Young’s moduli (on the order of 1TPa, better than Carbon fibbers and 
similar to diamond), can be elastically deformed without breaking. They can be 
metallic or semiconducting depending on their chirality. The high conductivity of 
single-wall (SWNT) metallic nanotubes or multi-wall nanotubes (MWNT) allow 
for designing simple sensing and actuation systems based on the direct electrostatic 
coupling with metallic gates. Together, these properties make them particularly 
suitable for operation at high frequency in the GHz range; Fig. 4 (a) and (b) show 
some first attempts to build RF NEMS devices based on vertical and lateral arrays 
of CNTs. Compatibility with CMOS is still an issue. 
 

      
 

                                             a)                                                                                  b) 
 

Fig. 3. (a) Suspended silicon nanowire with built-in tensile strain, fabricated by top-down approach, 
(b) 5nm cross-section in a suspended silicon nanowire; here the wire is oxidized and  

a polysilicon gate is formed all-around to create a transistor-in-awire. 
 

      
 

Fig. 4. (a) High temperature growth of brush-like vertical CNTs using Fe catalyst on metal lines for 
CNT capacitors (courtesy of University of Chalmers and University of Goteborg), (b) CNT array 

assembled by dielectrophoresis for RF mixer application (courtesy of LEM-CEA). 
 

The success of any new technology is conditioned by the design, modeling 
and simulation progress; all depend on the deep understanding of mechanics and 
electrostatics at nanoscale. Exploring and understanding nanoscale material 
properties, surface effects and defects, quantum mechanical electrostatics and some 
specific nanoscale effects such as van der Waals and Casimir forces, is 
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fundamental for the success of NEMS. The experimental validation of theoretical 
models and the calibration of simulators are of high importance. 

Furthermore the use of NEMS critically needs a specific local signal process 
in order to improve their relatively poor S/N and translate nm displacements into 
electrical parameter variations that are measurable and/or can be exploited by 
standard IC interfaces. More specifically, signal processing in NEMS sensor arrays 
raises great challenges for the hybridization and co-integration with silicon CMOS. 
Finally, NEMS inherit all the MEMS issues in terms of packaging and reliability; 
fortunately, protective packages techniques at wafer level with control of parasitics, 
ensuring inert ambient or local vacuumed cavities are today available. 
 

3. HYBRID NEM-FET 
A Micro- or Nano-Electro-Mechanical Field Effect Transistor (MEM- or 

NEM-FET) combines features of a pure NEM relay and a MOSFET, Fig. 5a) [6, 
6]: it has a movable part and a solid-state semiconductor part that operate to couple 
the mechanical movement with the formation of the inversion/accumulation 
channel at the gate-insulator/semiconductor interface. The movable part 
determines the state of the gate capacitance Cgg (either low or high), which 
determines Vth; thus the NEM-FET is a dynamic threshold device, with a high Vth 
in the off state and a low Vth in the on state. In [6] abrupt transitions between off 
and on-states with swings as low as 2 mV/decade, have been reported when the 
gate voltage is increased beyond the point when an imbalance between the 
electrostatic and mechanical spring-restoring forces is reached so that “pull-in” (to 
the high-Cgg) occurs. A similarly abrupt transition from the low-Vth state to the 
high-Vth state occurs as the gate voltage is decreased, so that “pull-out” occurs and 
gives rise to a hysteresis in the ID-VG characteristics (Fig 5b). Note that for 
switching applications, pull-in should occur at a gate voltage less than the (high) 
off-state Vth, to achieve substantial subthreshold leakage power savings for a given 
on-state current (Ion) specification. If pull-out occurs at a gate voltage less than 0 
V, the NEM-FET can be used for memory applications. Comprehensive simulation 
and analytical modeling to enable NEM-FET circuit simulations has been proposed 
in [7]. Fig. 6a) shows the principle of a recent Double Gate Movable Body 
MEMFET fabricated on a SOI with a silicon film thickness of 1.25μm [8, 9]. The 
great advantage of the proposed resonating-body transistor is demonstrated in Fig. 
6b), which compares the S21 transmission parameter of the same MB-MEMFET 
device at resonance, operated in capacitive two-port configuration (output=gate) 
and MOSFET detection (output=drain). The power transmitted at resonance to the 
output port using the MOSFET detection is increased by more than +30dB. This 
corresponds to a reduction of the impedance at resonance from approximately 
20kΩ down to 250Ω. 
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                                                 a)                                                                            b) 
 

Fig. 5 (a) Movable gate MEM-FET hybrid device and complementary electro-mechanical hybrid 
inverter, (b) simulated characteristics of NEM-FET switch under the specifications of the 90nm 

CMOS node (abrupt transition between off and on states and Ioff limited only by the  
junction leakage recommend him as a power management switch). 

 

   
 

                          a)                                                                                             b) 
 

Fig. 6. (a) Illustration of movable body MEM-FET resonator, (b) experimental proof of the +30dB 
signal gain obtained by the MOSFET detection in a laterally vibration movable  

body transistor compared with the capacitive detection. 
 

4. CONCLUSION  AND  ROADMAP  FOR  NEMS 
Fig. 7 [10] summarizes many applications of MEMS and NEMS as well as 

the benefits of their co-integration with IC technology. MEMS and NEMS devices 
have enabled new applications in sensing and actuating and their role it is expected 
to increase in the future in systems where the low power, analog, RF and sensing 
performance is extremely critical. Products with very high level of MEM device 
integration, such as the digital micromirror device (DMD) developed by Texas 
Instruments for projection displays and the photonic switching systems developed 
by OMM for communication networks, have been recently commercialized. 
Additionally, the success of Radio-Frequency MEMS (RF-MEMS) [11] such as 
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tunable micromachined capacitors, integrated high-Q inductors, micromachined 
low-loss microwave and millimeter-wave filters, low-loss micromechanical 
switches, microscale vibrating mechanical resonators with Q’s in the tens of 
thousands, and miniature antennas for millimeter-wave applications, have offered 
miniaturization, MEMS-CMOS co-integration and unique performance 
enhancement of existing and future wireless transceivers. 

There is a clear empty space at the bottom-right of Fig. 7, where the NEMS 
can play a significant role; today it appears that the key driver for future systems 
based on thousands to millions of NEMS is the ultra-low power, whatever is the 
application domain: logic or analog signal processing, RF or sensing. In 
conclusion, NEMS is expected to be one of the key future technology featuring 
combined new functionality and low power operation. 
 

 
 

Fig. 7. MEMS/NEMS application roadmap, after [10]. With the increase of the  
number of NEM components, the average power per function decreases  

and the functionality of the chip increase. 
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Nanoelectromechanical systems (NEMS) are simple mechanical systems 
such cantilevers, and double-clamped beams having at least one dimension of the 
order of few nanometers and which are electrostatically actuated by an external 
electrode [1]. NEMS displays mechanical resonance frequencies in the range 100 
MHz-5 GHz, so coinciding with the electromagnetic microwave spectrum [1-2]. 
NEMS have also very high mechanical quality factors of 102 – 103 at room 
temperature, in the GHz range. 

The correspondence between the electromagnetic GHz spectrum and NEMS 
mechanical frequency oscillations can be used for new innovative devices in the 
area of high frequency NEMS [3]. Further, we will demonstrate that simple NEMS 
configurations based on carbon nanotubes (CNTs) have important applications for 
signal processing in the GHz range. Two examples will be presented. 

In the first example, we show that when microwave signal frequencies are 
tuned near the mechanical resonant frequency of an array of metallic cantilevered 
carbon nanotubes (CNTs) sandwiched between two coplanar waveguide (CPW) 
lines (see Fig. 1a), the CNTs array displays a notch in the microwave transmission 
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coefficient due to a metal-dielectric transition of the carbon nanotube array at the 
mechanical resonant frequency of the cantilever. Thus, the CNTs array acts like a 
resonator. We have used a CNT array having 109 CNTs/cm2.The measured quality 
factor of such an array of millions of CNTs cantilevers has a quality factor of 800 
at room temperature at the fundamental resonance frequency of 1.4 GHz (see Fig. 
1b) [4]. 
 

      
 

                                     a)                                                                             b) 
 

Fig. 1. The CNT resonator (a) The CNT array on the wafer (b) |S21| dependence on frequency. 
 

       
 

Fig. 2. The double clamped CNT bundle FET-like device. 
 

In the second example, we present a double-clamped CNT bundle suspended 
over a metallized trench which is 1 μm wide and micromachined in GaAs 
substrate. In this configuration, this NEMS is behaving as FET-like device (see 
Fig. 2, and 3). The drain and source contacts are made on the each side of the 
trench, while the gate is the metallized electrode of the gate located at 1.5 μm 
below the CNT bundle. The device is biased as FET transistor and low VG is 
acting as variable resistor controlled by gate as any FET, but at certain gate voltage 
in the range 15-18 V, this structure displays a S shaped negative –differential 
resistance (NDR) (see Fig. 4). Further, applying equal VDS steps of 0.2 V the NDR 
is displaying multiple branches, which are parallel between them. In this way, the 
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entire structure is working as a high speed switch with multiple levels which are 
very useful for multi-valued logic applications. Measurement performed in 
microwaves demonstrates that this device is amplifying up to 3 GHz, although the 
device has no matching circuits and the parasitic elements were not minimized (see 
Fig. 5). These unusual behaviors are due to CNT transport properties and the 
tunneling of the carriers in the various CNTs forming the bundle. Also, the 
unscreening properties of CNTs semiconductors allows gate control of carriers 
between drain and source, although between gate and CNT bundle there is no 
dielectric except the air. 
 

 
 

Fig. 3. The detail of the above device to evidence the CNT bundle. 
 

 
 

Fig. 4. Multiple NDR of the device ( G V =14 V; D I -500μA/div and D V -2V/div). 
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1. INTRODUCTION 
In recent years, a lot of research has been focused on semiconductor-based 

ultraviolet UV detectors. These devices have an important commercial and 
scientific interest for engine control, astronomy, lithography aligners, solar UV 
monitoring, space-to-space communications, detection of missiles [1]. Most of 
these applications fit in the optical spectrum range 200–365 nm covered by 
nitrides, in particular by GaN and AlGaN family. Most used photo detectors 
devices are based on metal-semiconductor-metal (MSM) structures due to their 
simplicity [2-6]. The MSM configuration consists in two interdigitated Schottky 
electrodes deposited on a non-intentionally doped or compensated semiconductor 
material. Recently our group has reported for the first time the manufacturing of an 
UV detector based on a thin GaN membrane [7]. 

We present now the experimental results obtained for two different runs of 
UV photodetectors manufactured on thin GaN membranes using nanolithographic 
techniques. 
 

2. EXPERIMENTS 
The MSM interdigitated structure is symmetrical having a length of 100 μm 

and a width of 20 μm. Cross section of the MSM UV detector structure is presented 
in Fig.1. 

The first step in UV detector structure manufacturing was the measurements 
pads patterning and deposition. For this, conventional photolithography, e-beam 
metallization (Ni/Au 20 nm / 200 nm) and lift-off technique have been used. Due 
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to sub-micrometer digits/interdigits dimensions for the MSM structure, a direct 
writing, process using an Electron Beam Lithography (EBL) was selected. The 
design transfer on the wafer was performed using a Scanning Electron Microscope 
(Vega from Tescan), equipped with an EBL (Elphy Plus from Raith) by direct 
writing. Ni/Au metallization for the MSM structure was performed using lift off 
techniques. Then the samples were mounted face-down on special glass plates and 
the Si substrate was thinned down to 150 μm by chemo-mechanical lapping. For 
the membrane formation the substrate was selectively removed using back side 
patterning and SF6 plasma RIE. We have obtained good MSM UV detector 
structures in 2 different runs. 

The first run was manufactured on <111> oriented silicon wafer having a  
2.2 μm thin GaN layer grown by MOCVD (provided by Azzuro Ltd. Magdeburg). 
Fingers and interdigits 1 μm wide have been manufactured. Patterning was 
performed using a Vega SEM and an Elphy Plus EBL. NiAu (30/100 nm) has been 
evaporated for the Schottky MSM interdigitated structure and lift-off techniques 
have been used for the metallization. The thickness of the PMMA resist was  
200 nm. The active area of the membrane detectors was about 1000 μm2 (50% of 
the total detector area). The schematic cross section of the MSM structure is 
presented in Fig 1.  

The SEM photo of the structure is presented in Fig. 2, the dark current 
measurements are presented in Fig. 3 and the responsivity in Fig. 4. 
 

               
 

 

   
 

Fig. 2. SEM photo (left) and detail (right) for the 1 μm wide 
finger/interdigit detector structure manufactured 

on a 2.2 μm thin GaN membrane. 

Fig. 1. Schematic cross 
section of the membrane 
MSM UV detector structure. 
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Fig. 3. Dark current for the 1 μm wide finger/interdigit 
detector structure manufactured on a  

2.2 μm thin GaN membrane. 
 

 
 

Fig. 4. Responsivity vs wavelength for the 1 μm wide 
finger/interdigit detector structure manufactured  

on a 2.2 μm thin GaN membrane. 
 

The second run was manufactured on a 0.78 μm thin membrane starting from 
a GaN/Si wafer produced by NTT AT Japan using also MOCVD techniques. 
Fingers and interdigits of about 0.45-0.5 μm have been obtained. At this run 
semitransparent Ni/Au (5/10 nm) Schottky contacts have been manufactured using 
a 40nm thick PMMA resist. The total area of the MSM structure was identical with 
those in the first run but estimating a 50% transparency of the contact [8], the 
active area was about 1500 μm2. SEM photos of the structures are presented  
in Fig 5. 
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Fig. 5. SEM photo (left)and detail (right) for the 0.5 μm wide finger/ interdigit  
detector structure manufactured on a 0.78 μm thin GaN membrane. 

 
 

The dark current and the responsivity were measured on before membrane 
formation (Fig. 6 the dark current for two structures and Fig. 7 the responsivity 
measurements as a function of wavelength at various voltages up to 15 V). The 
dark current after membrane formation is presented in Fig. 8 for two devices and 
the responsivity is presented in Fig. 9. 

We also tried to obtain detector structures with finger interdigit dimensions 
300 nm/300 nm and 150 nm/150 nm but without success, most probably due to the 
difficulties in nanolithographic process in GaN [5]. 

The responsivity vs photon energy was measured using Ozone free 150 W 
Xe-lamp UV light source from Hamamatsu. We have used low noise amplifiers to 
measure all the spectra. 
 

 
 

Fig. 6. Dark current for the 0.5 μm finger / interdigit for 
the UV detector structure-before the silicon substrate 

removal (thickness of the GAN layer 0.78 μm). 
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Fig. 7. Responsivity vs wavelength for the 0.5μm finger / 
interdigit for the UV detector structure-before the silicon 
substrate removal (thickness of the GAN layer 0.78μm). 

 

 
 

Fig. 8. Dark current for the 0.5μm finger / interdigit for two 
UV termed “1” and “4” detector structuresmanufactured 

on 0.78 μm thin GAN membrane. 
 

 
 

Fig. 9. Responsivity vs wavelength for the 0.5μm finger / 
interdigit for two UV detector structures- manufactured 

on 0.78μm thin GAN membrane. 
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RESULTS AND DISCUTIONS 
Very low dark currents (1-10 pA) at moderate voltages have been obtained 

for all structures. The values for the responsivity at 362 nm for the first run 
(2.5A/W at 6V and 4.5A/W for 10 V) were excellent compared with results 
reported in the literature. The finger /interdigit for these devices was 1 μm. 
Responsivity measured on the same type of detectors manufactured bulk material 
[7] was about 2 mA/W. 

The second run, which was manufactured on a thinner membrane (0.78 μm), 
having a MSM structure with fingers and interdigits of 0.5 μm, give unexpected 
high values for the responsivity (values of 50-100 A/W for a bias in the range 6-10 
V). These values are 3 orders of magnitude higher than those obtained for GaN on 
bulk silicon. The low values obtained for the responsivity for similar GaN detectors 
on bulk silicon (values of 1-5 mA/W for voltages in the range 6-15V) seems to 
confirm that responsivity measurements are correct. If we start from this 
assumption, it seems that we can have a major advantage using micromachining 
technologies to manufacture UV GaN detectors on thin membranes. As a 
comparison, for a 0.5 -1μm finger/interdigit detectors manufactured on GaN 
/sapphire a maximum responsivity of 0.3-0.5 A /W [4, 9] have been reported. The 
MSM structure has a gain, and the membrane can stimulate the gain. Carriers are 
confined in the thin suspended membrane and can have reflections on the top and 
bottom of the membrane. This can be an explanation for the major influence of the 
micromachining on the increasing of the responsivity. It must be also noticed that 
we believe that the material used for the manufacturing of run 2 has a very high 
quality with less interface and volume defects. This can also have an influence on 
increasing the responsivity performances of the detectors. Results have to be 
confirmed on other structures with similar and smaller dimensions for the 
digit/interdigit width and better yield. 
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Abstract. Tuning of a superconducting microwave resonator, operating at 77 K, 
is demonstrated using a silicon micro-machined comb-drive actuator. Thermal 
expansion coefficient differences between the silicon actuator and the MgO substrate 
are accommodated by the use of compliant springs and a stress-buffering rigid frame. A 
tuning range of about 3 % is demonstrated for a microwave resonator with a frequency 
close to 6 GHz. Measurements of Young’s modulus show that the value at 77 K is 
within 1.5 % of the room temperature value. 

 
 

1. INTRODUCTION 
High-temperature superconducting (HTS) circuits are used for microwave 

radio frequency (RF) applications where there is a demand for ultra low insertion 
loss and/or extreme sharp edged filters. There has been interest in methods to tune 
these passive circuits [1] and one possibility is through the introduction of 
microelectromechanical systems (MEMS). 

There is little previous work on superconducting RF MEMS. In 2003 Hijazi 
et al. demonstrated a superconducting RF MEMS switch [2], these devices use an 
electrostatically actuated, thin film gold membrane to form the switch. Their 
devices switch between passive components to achieve tuning between discrete 
values. In our work we vary capacitance using a silicon MEMS comb-drive 
actuator in order to produce a continuously variable adjustment of frequency. 

An appeal of our approach is that it can be achieved using a novel actuator 
design, standard silicon MEMS processing and standard HTS thin film processing, 
with only a flip-chip bonding step to combine the two technologies. 

 
2. TUNING PRINCIPLE 
The HTS resonator consists of an interdigital capacitor and an inductance (as 

shown in Fig. 1); the structure resonates at approximately 6.3 GHz, as shown in 
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Fig. 2. The tuning probe, shown in Fig. 3 is fabricated from high resistivity silicon 
and has ridges that initially lie directly above the fingers of the HTS capacitor as 
shown in Fig. 4. The comb-drive voltage controls the probe position, so that the 
probe ridges cover either the capacitor fingers, the gaps, or partway between. The 
tuning probe ridge and trench widths are 40 μm and the trenches are 20 μm deep. 
The vertical gap between the tuning probe and the HTS resonator is nominally  
1 μm. 

 
 

Fig. 1. HTS resonator close-up showing interdigital capacitor 
and inductor in a parallel circuit. Dimensions are in mm. 

 

 
 

Fig. 2. S21 measurement of superconducting resonator  
at 77 K without the presence of the tuning probe.  

The unloaded quality factor is over 3500. 
 

The tuning range depends on the variation in capacitance as the tuning probe 
moves, and this is maximised by making the gap between the resonator and tuning 
probe as small as possible. The trade-off, however, is that reducing the gap also 
lowers the microwave quality factor (Q) of the resonator. High resistivity silicon 
for the tuning probe is essential to maintain the high Q of the superconducting 
resonator. The silicon resistivity is the limiting factor in the microwave 
performance of the device. 
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                                                a)                                                                       b) 
Fig. 3. Close-up of the tuning probe, seen from 

a) above and b) below. 
 

 
 

Fig. 4. A cross-section of the silicon tuning probe and HTS 
resonator. Shows probe displacement (d) and silicon ridge 

width (a). The vertical height of the silicon ridges  
was 20 μm. 

 
3. DESIGN AND FABRIXATION 
Because of the difference in thermal expansion coefficients (Fig. 5) and the 

high Young’s modulus of both materials, any silicon structure attached to an MgO 
substrate would be subjected to large forces during cooling. We have therefore 
adopted the use of compliant mounting springs [3] and a stress-buffering frame to 
isolate the comb-drive from thermally induced strain, as shown in Fig. 6. The 
silicon MEMS device was fabricated at Chalmers University, Sweden. The HTS 
processing and flip-chip bonding were carried out using facilities at the University 
of Birmingham. The silicon MEMS device was fabricated from a 100 mm diameter 
silicon on insulator wafer, and the HTS device was fabricated from a 50 mm 
diameter MgO wafer with an YBCO superconducting thin film. 
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The comb-drive design, including consideration of spring constants, number 
of comb fingers and resistance to sideways latching was carried out according to 
earlier work by Zhou and Dowd [6]. The comb-drive provides a movement of 
approximately 40 μm for an applied bias of 70 V. 
 

 
 

Fig. 5. Coefficients of thermal expansion for silicon and 
MgO versus temperature. Plots using data from  

ref.s [4] and [5]. 
 

 
 

Fig. 6. Diagram of HTS circuit with silicon  
comb-drive actuator for tuning. 

 
4. YOUNG’S MODULUS MEASUREMENTS 
There are few publications on the operation of silicon MEMS at low-

temperature; a paper by Gysin et al. [7] extracts values for Young’s modulus from 
cantilever measurements. We have performed similar measurements on a comb-
drive mechanical resonator structure. Our measurements demonstrate reliable 
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operation at lowtemperature and determine the variation in Young’s Modulus 
between 77 K and room temperature. The measurements were performed with 
incident light to minimise the silicon resistivity (Photon generated chargecarriers 
reduce the silicon resistivity). Fig. 7 shows the layout of the silicon comb-drive 
mechanical resonator. The device has drive and sense combs and a central shuttle 
supported by folded flexure springs. The resonant frequency was found to be 
4.27 kHz at room temperature and rose to 4.30 kHz at 77 K. The resonant angular 
frequency, w varies as k/m . We assumed that the mass m does not vary and that 
the variation in w results from an increase in the spring constant k, as the Young’s 
Modulus increases with falling temperature. 

 

 
 

Fig. 7. Silicon mechanical resonator used for measurement of 
Young’s modulus versus temperature. The areas with  

black dotted shading are fixed to the substrate,  
the central shuttle, combs and springs  

are free to move. 
 

We measured the resonant frequency of the device in vacuum using a 
cryogenic probe station. A DC bias of 200 V was applied between the spring and 
drive contact pads to pull the shuttle towards the drive pad. The DC bias was then 
stepped to 0 V and the device allowed to ‘ring’ at its natural frequency. The 
damped oscillation lasted for a second or so before fading away. A charge 
amplifier (with an input biased to 7.5 V) was used to amplify the resonance signal 
measured at the sense contact pad. The signal was captured using a digital storage 
oscilloscope. The frequency was determined from the period of oscillation, and 
several periods were averaged to improve accuracy. 

The Young’s Modulus Ex was calculated from the measured values of 
resonance frequency, f using equation 1 [8] and plotted in Fig. 8. Theoretical values 
of Young’s Modulus Ew were also fitted to the data using Wachtmann’s formula 
[9], equation 2. The fitting parameters are given in Table 1. A reasonable fit was 
obtained, but there are uncertainties in the masses and the device dimensions. 
Dimensions will shrink with temperature, but this variation is assumed to be small 
enough to be neglected. The masses were calculated from device dimensions of the 
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mask using the density of silicon as 2330 kg m-3. The spring thickness was 10 μm 
on the mask, but using this value gives a low Ex from equation 1. Mask features are 
often reduced during lithography and undercutting of the mask occurs during deep 
reactive ion etching, so we feel that it is fair to reduce this value. The value of Ex is 
very sensitive to the spring width W, and the value was adjusted to give a low 
temperature Young’s modulus, E0 of 158.5 GPa. This was a compromise between 
the thinnest likely spring value and a value for Ex that was felt to be not too low 
compared to published values. Values of B and T0 were chosen to give a reasonable 
fit to the experimental curve with rising temperature. 
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Table 1. Fitting parameters for equations 1 and 2. 

 

Shuttle mass Mp (kg)  
Spring mass M (kg)  
Spring length L (m)  
Spring width W (m)  
Spring thickness t (m)  
Young’s Modulus at 0K E0 (GPa)  
Constant B (MPa K-1)  
Constant T0 (K)  

 

           
 

 

Fig. 8. Young’s Modulus of 
silicon versus temperature. Black 
circles–experimental data, with Ex 
determined from equation 1. 
Error bars indicate the standard 
deviation of the frequency 
measurements. Black line–
theoretical fit to the data using 
equation 2 and the fitting 
parameters in Table 1. 
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Although the absolute value of E0 is uncertain, the results demonstrate that 
the variation in E0 (< 1.5% over the measured temperature range) is small, but 
slightly larger than the measurement accuracy. We can therefore assume that 
stiffening of silicon structures at low temperature will not cause a dramatic increase 
in actuation voltages. 
 

5. SUPERCONDUCTING TUNABLE  
    RESONATOR MEASUREMENTS 
The MEMS tunable resonator shown in Fig. 6 was cooled to 77 K using a 

Desert Scientific cryogenic probe station and S21 measurements were performed 
using an Agilent 8722ES network analyser. For microwave measurements it was 
important to measure the device with no incident light, otherwise photon generated 
charge-carriers would have reduced the silicon resistivity. During actuator 
movements, however, when bias was increased, light was shone on the device to 
aid charging of the comb-drive actuator. 

Fig. 9 shows that as the comb-drive actuation voltage was increased, the 
tuning probe moved causing the centre frequency of the resonator to shift to higher 
frequencies. The tuning range was approximately 3%. 
 

 
 

Fig. 9. Tuning of resonant frequency with  
increasing actuator DC bias at 77 K. 

 
The device was subjected to several thermal cycles between 77 K and room 

temperature. There was no sign of damage to the device after these cycles, thereby 
demonstrating that the stress-relieving springs effectively protect the device from 
the effects of thermal expansion and contraction. 

 
6. CONCLUSIONS 
Fabrication of this device presented some demanding requirements 

particularly in bonding of materials with different coefficients of thermal expansion 
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and achieving a small gap between the tuning probe and the superconducting 
resonator. The operation at cryogenic temperatures is a significant challenge. These 
requirements have been met and tuning of the superconducting device at low-
temperature has been demonstrated. 

Measurements of Young’s Modulus versus temperature demonstrate that the 
variation is small and that actuation voltages at low temperature should be similar 
to those at room temperature. 

To the authors knowledge, this is the first time that silicon MEMS have been 
shown to have application for tuning of superconducting RF circuits, this work 
constitutes a novel technological achievement in the combination of these two 
technologies. 
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Abstract. The terahertz region of the electromagnetic spectrum has received 
considerable attention in recent years but has been largely overlooked by the 
microsystems community. This paper shows how high aspect ratio micromachining can 
be used to fabricate terahertz based devices. It also identifies the areas where 
micromachining can provide a valuable contribution to help fill the so-called ‘terahertz 
gap’. 

 
 

1. INTRODUCTION 
A decade ago, Lubecke et al [1] published a paper entitled ‘Micromachining 

for terahertz applications’. It focused on the use of micromachining to produce 
antennas, waveguides and transmission lines for the THz regime. However, this 
coincided with the boom in the telecommunications industry and the emergence of 
radio frequency microelectromechanical systems, RF MEMS [2]. Therefore the 
majority of the microsystems attention was devoted to the low GHz region and its 
corresponding applications. Consequently, the terahertz band (0.3 to 3 THz) which 
sits between optical and radio has remained largely untouched by micromachining 
technology.  

The universe is full of terahertz radiation left over from the Big Bang. 
However, the controlled generation and detection of this radiation has been proved 
to be more problematic. It is too high a frequency for many electronic solutions, yet 
too low for optical approaches. This ‘terahertz gap’ has lacked powerful sources, 
sensitive detectors as well as many basic components such as tunable filters and 
low loss lenses.  

The terahertz band has attracted considerable attention and funding in recent 
years due to its potential applications in the security sector. It promised to produce 
safe, non-ionising, body scanners which could see through clothing and, perhaps 



A.J. Gallant 118

more excitingly, directly identify dangerous explosives and drugs by their terahertz 
spectroscopic fingerprint [3]. 

However, the emerging applications are more diverse than the security 
headlines suggest. The energy associated with terahertz radiation is in the order of 
meV which corresponds directly to that of many biological processes. There is 
significant interest in non-invasive identification of biological material. This 
includes markerless DNA [4] and protein spectroscopy [5]. 

Commercially available terahertz products are appearing outside of the well 
established astronomy sector. Teraview (Cambridge, UK) sells a spectroscopy 
system which is targeted at the pharmaceutical industry. It is capable of studying 
the integrity of the complex multilayer pill coatings which are required for 
controlled drug release. During 2007, Picometrix (Ann Arbor, USA) introduced a 
benchtop, portable, spectroscopy system. At the same time, M2 lasers (Glasgow, 
UK) began marketing a, shoebox sized, tunable THz laser which is based on 
optical parametric oscillator technology developed at St. Andrews University, UK. 
Quantum cascade lasers have also been developed which reach deep into the 
terahertz band [6]. 
 

2. THZ  TIME  DOMAIN  SPECTROSCOPY 
Broadband terahertz time domain spectroscopy (TDS) has become a 

commonly used laboratory technique. Fig. 1 shows a standard equipment 
configuration. 

 
 

Fig. 1. THz time domain spectroscopy schematic. 
 

TDS [7] is capable of simultaneously measuring the electric field and phase 
associated with a THz pulse. In the Durham setup, a Ti: sapphire laser produces a 
600 mW, near infrared (NIR) pulse of 20 fs duration with a repetition rate of  
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76 MHz. This is separated into Thzgenerating and detector-gating beams with a 
70:30 beam splitter. The NIR generating beam is focused onto an LTGaAs 
photoconductive strip-line emitter which is dcbiased to 250V. Parabolic mirrors are 
used to focus the THz signal onto the sample. The gating and the THz beam are 
focused onto a 1 mm thick ZnTe electro-optic crystal. This, in conjunction with a 
balanced detector, is used to detect the THz radiation transmitted through the 
structure. A delay line on the NIR generation beam allows the electric field of the 
THz pulse to be scanned in the time domain. A fast Fourier transform is then used 
to obtain a frequency spectrum. This system provides a useable bandwidth of 
approximately 3 THz. Typical terahertz power is in the microwatt region. 

For relative transmission measurements, the sample scan is divided by a free 
space scan in the frequency domain. This effectively deconvolves any reflected 
signals associated with the measurement setup. 
 

3. ARTIFICIAL MATERIALS 
Artificial materials are engineered surfaces or objects which exhibit 

properties that are difficult to find or control in nature. The typical scales 
associated with artificial materials depend on the incident wavelength. Therefore 
RF materials can use printed circuit board and conventional drilling technology. 
Whereas, optical materials require nanoscale processing such as e-beam writing or 
nanoimprint lithography. With 1 THz equivalent to a wavelength of 300 μm, this 
corresponds to the dimensions readily achievable with micromachining techniques. 
 

A. Micromachined Filters 

By fabricating arrays of microscale metal rods we can produce diluted metal 
structures which have an effective plasma frequency in the terahertz region [8]. 
This ‘toothbrush’ type of structure is difficult and expensive to fabricate using 
manual techniques. However, it can be readily produced with high aspect ratio 
polymer lithography. There are a number of applications for this type of structure 
which range from filtering to negative refraction based lenses. 
 

 
 

Fig. 2. Backside SU8 processing for the fabrication of high 
aspect ratio arrays of microscale rods. 



A.J. Gallant 120

Fig. 2 shows an overview of the process flow used to fabricate arrays of 
microrods. The backside UV exposure of SU8-50 can produce structures with 
diameters as small as 30 μm and heights in excess of 1.5 mm. The SU8 is fairly 
transparent to THz radiation; therefore the rods have to be sputter coated with gold 
in order to form the diluted metal structure. 

By carefully aligning these structures in the TDS system, described 
previously, we can measure their transmission characteristics. Fig. 3 shows the 
relative transmission for arrays with various rod diameters but a fixed period of 
200 μm. The simulated transmission characteristics are also shown [9]. The devices 
show a clear band structure with peak relative transmission of up to 97% and near 
zero transmission in the stop bands. As the diameter, and hence the fill-factor, is 
increased the bands move to higher frequencies. 
 

 
 

Fig. 3. Transmission of various rod arrays. The pass bands, 
deduced from complex photonic band theory, are shown  

as dark horizontal lines The dotted lines are based  
on finite difference time domain  

simulations from [9]. 
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The peak transmission of these devices is sufficiently high to consider 
fabricating compound filters. This is when two arrays of rods, each with slightly 
differing fill factors, are placed back to back as shown in Fig 4 (a). With the 
photolithographic approach it is very easy to precisely align the arrays. Fig. 4 (b) 
shows an electron micrograph of a fabricated compound filter. 
 

          
 

Fig. 4. (a) Schematic view of a compound filter made by combining two 2D square-lattice  
photonic crystals formed by metallic pillars. (b) SEM image of the structure from [10]. 

 
Fig. 5 shows the transmission characteristics of a compound filter. The 

complex band structure is reduced in the compound filter to a single, well-defined 
pass band at a frequency which is determined by the fill factor. By varying the fill 
factor along the array it is possible to produce a mechanically tunable device [11]. 

The THz beam in the TDS systems can be focused down to approximately 1 
mm diameter in free space. The z thickness achievable with thick SU8 processing 
is therefore ideal in order to confine the beam. 
 

 
 

Fig. 5. Transmission spectra for a compound filter formed by two pillar arrays with period 200 μm, 
containing metal rods with diameter D = 50 μm and  D = 70 μm respectively, separated by a gap G = 
250 μm. The vertical  length of the pillar is 1 mm. The experimental spectrum is shown by the solid 
line and the numerical modelling results by the dotted line. The horizontal bars show the positions of 
the pass-bands for infinite periodic crystals with rod diameter D = 50 μm (upper bars) and D = 70 μm  
(lower bars) from [10]. 
 

In the future, microsystems based approaches open up the possibility to 
actuate the arrays and introduce electrical tuning. This type of device is important 
for terahertz spectroscopy because it enables a broadband source to be filtered and 



A.J. Gallant 122

tuned to specific frequencies. It is therefore possible to excite individual chemical 
or biological processes. 
 

B. Negative  Refraction 

Negative refraction materials (NRM) can be divided into two classes. The 
first class uses split ring resonator structures to exhibit a negative value of 
permittivity and permeability for a particular frequency [12]. The second class uses 
a photonic crystal approach. By reconfiguring the rod array, presented in the 
previous section, into prism arrangement then it is possible to exploit negative 
refraction effects. 
 

           
 

Fig. 6. Simulation of electric field when plane wave is incident on prism.  
(a) For frequency f=1.136 THz positive refraction occurs, while in  

(b) with f=1.344 THz negative refraction occurs. [13]. 
 

NRMs are interesting because they will form the basis of new types of 
terahertz lenses and ultraselective filters [13]. Fig. 6 shows a FDTD simulation of a 
terahertz prism formed using an array of metallic rods. Depending on the frequency 
of the incident radiation, the prism behaves as though it has either a positive or 
negative refractive index. 

The Durham THz group has recently experimentally measured the negative 
refraction effect using a quantum cascade laser which is, by its nature, at a single 
frequency [14]. However, measurements using a broadband system are 
significantly more challenging and, in fact, highlight the continued presence of the 
‘terahertz gap’. 

In order to obtain angular measurements, in a broadband TDS system, it is 
necessary to move either the emitter or the detector. This correspondingly requires 
movement of the NIR beam, typically using a fibre–fed approach, which has the 
side effect of reducing the useful bandwidth of the system. The second problem is 
that the microwatt power achieved with the photoconductive emitters is insufficient 
produce a measurable signal out of the prism. In this case the technology exists to 
fabricate the structures but the measurement systems still lag behind. 
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It is worth noting that recently launched EU FP7 project OPTHER (Optically 
driven THz amplifiers) has the aim of producing amplification systems to address 
the low power issues with existing sources. 
 

4. EMERGING APPLICATIONS 
The development of a true terahertz microscope is an important future 

application for this technology. High resolution and ability to image in ‘wet’ 
biological media constitute the main design targets of such a system. The 
microscope could be used to identify individual cells without requiring markers. 

Water represents a significant barrier to terahertz propagation. At best, 
usually as a vapour, it shows spectral features in terahertz region. However, as a 
bulk liquid it just attenuates the transmitted radiation. This attenuation is actually a 
benefit for security applications because it provides excellent contrast against the 
skin. Furthermore, this sensitivity to water has been used to identify cancerous 
tumours [15].  

For the biological imaging of live samples, water poses a real problem. This 
year, George et al [16] reported the use of microfluidic structures to minimise 
attenuation. By using techniques such microfluidics to overcome water attenuation 
and also to deliver biological media to the terahertz beam it is a significant step 
forward for the biological applications of this radiation. 

For sub-wavelength imaging, one of the common methods is via the use of a 
waveguide tip. The waveguide is used to direct the THz radiation onto a sample in 
the near field. After interaction with the sample, the radiation can be detected by a 
measurement of the transmitted signal. Keilmann [17] reported that by inserting a 
small diameter wire through the waveguide, he could dramatically increase the 
output transmission due to the wire acting as a transmitting antenna. 

 

 
 

Fig. 7. (left) Schematic of the waveguide (right) A photograph  
of a fabricated waveguide structure with 40 mm 

diameter rods (and their reflections). 
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As with the rod arrays, assembling these structures by hand is both 
time consuming and expensive. A micromachined approach overcomes 
these problems. First, KOH-based bulk micromachining is used to etch 
pyramidal cavities through (100) oriented silicon wafers. Second, we 
fabricate the high aspect ratio pillars on a glass substrate and sputter coat 
this with gold. Then the aperture and pillar substrates are aligned, brought 
into hard contact and Sylgard 184 polydimethylsiloxane, PDMS is poured 
into the apertures and left at room temperature to cure for 12 hrs. Finally, 
the substrates are separated, causing the pillars to detached from the glass 
and remain in the PDMS. This completes the structure. Fig. 7 shows a 
fabricated waveguide. 
 

 
 

Fig. 8. Variation of the peak to peak THz time domain Efield 
signal as the test features (width as indicated) are scanned 

under the waveguide aperture. 
 

The effect on the electric field signal of moving a test sample under the 
aperture is shown in Fig. 8. Subwavelength lines are clearly visible. This type of 
micromachined structure is ideally suited for combining with microfluidics and 
work is underway at Durham to fabricate integrated systems. 
 

5. CONCLUSIONS 
In recent years, the terahertz part of the electromagnetic spectrum has been 

largely overlooked by the microsystems community in favour of RF MEMS. 
However, hopefully this paper has highlighted that microsystems techniques can 
produce devices which are likely to play an important role in the next generation of 
terahertz based systems. Micromachining can indeed help to fill the terahertz gap. 
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However, this has to be in conjunction with developments in high power terahertz 
sources. 
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Abstract. This paper presents an electromechanical system model of a MEMS 
flexural beam resonator constructed with a new side-electrode component. Simulated 
results and RF transmission measurements are in good agreement for a 95MHz Silicon-
on-Nothing resonator. With the system model, we can predict the MEMS resonator 
behavior together with pure electrical components, thus enabling the design of a MEMS 
based oscillator for industrial perspectives. 

 
 

1. INTRODUCTION 
The development of wireless devices, always smaller and more competitive, 

has driven research into high performance CMOS compatible components. MEMS 
resonators are good candidates to allow off-chip function integration, such as 
oscillators. Many references deal with MEMS resonators presenting impressive 
performance [1, 2, 3]. Nevertheless, the MEMS design is still a key point for 
industrial production. In this paper we compare RF measurements of a 95 MHz 
resonator with a CoventorWare ARCHITECT3DTM system model. Using 
ARCHITECT3DTM allows us to describe the electromechanical behavior of our 
resonator in its electrical environment, thus enabling the future design of a MEMS 
based oscillator. 
 

2. MEMS  RESONATOR  ELECTRICAL  EQUIVALENT 
    CIRCUIT  AND  RF  MEASUREMENT 
An electromechanical resonator can be modeled using the electrical 

equivalent circuit shown in Fig. 1. The mechanical resonance is described by a 
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series RLC circuit (Rm, Lm and Cm) which is in parallel with a parasitic capacitance 
C0, forming an anti-resonant peak in the response. R1 and R2 are the line 
resistances. 

 

 
 

Fig. 1. MEMS electromechanical resonator electrical 
equivalent circuit. 

 
Figure 2 shows the RF characterization of the in-plane flexural clamped-

clamped (CC) beam resonator described in [4]. The resonant frequency is measured 
to be 95.1MHz and the quality factor (Q) 2630. 
 

 
 

Fig. 2. RF transmission plot of a 4.9×0.26 μm beam resonator 
(thickness=0.4 μm, gap=95 nm) and equivalent circuit. 

 
The values of the different elements of the electrical model were defined 

from the measurement transmission response, using ADS. The extracted values 
were then used in the electrical equivalent model, as explained in [4]. Table 1 lists 
the extracted values for the equivalent circuit. 
 

Table. 1. ADS electrical equivalent model values 
 

Parameter ADS value 
Rm 40.1 kOhm 
Lm 0.16 H 
Cm 16 aF 

R1=R2 140 Ohm 
C0 102 fF 
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3 ARCHITECT3DTM  MODEL  
The resonator is modeled in CoventorWare ARCHITECT3DTM. 

ARCHITECT3DTM uses the Synopsis SABERTM circuit simulation tool as the core 
solving engine. The SABERTM simulator is capable of multi-domain simulation, 
using models written in C, MAST or VHDL-AMS. The multi-domain capability 
enables the simulation of micromechanical elements alongside interface 
electronics, allowing the performance of the complete system to be investigated. 

Figure 3 shows the schematic of the resonator, comprising new beam side-
electrode models, flexible beams [5], anchors, line resistances and parasitic 
capacitance. The schematic is equivalent to the electrical model shown in Fig. 1, 
except the electrical equivalent series RLC components are replaced by exact 
electromechanical models. 
 

 
 

Fig. 3. ARCHITECT3DTM Resonator schematic. 
 

In the schematic, the side-electrode model computes the electrostatic force 
acting on the faces of a flexible beam and has two mechanical interfaces that 
connect to moveable beam ends. Electrical pins, M and E, define the voltages 
applied to the beam and the electrode, respectively, see Fig. 4a. Capacitance and 
electrostatic force fields between the beam and electrode are calculated using a 1D-
Gaussian integral along the length of the electrode. The more integration points 
used, the better the approximation, but at the cost of a longer simulation. 

Contributions at each integration point are evaluated using 2-D fields, see 
Fig. 4b. The 2-D fields are created and evaluated using conformal mapping 
techniques [6, 7]. The actual shape and scaling of the 2-D fields depend on the 



F. Casset, et al, 130

specified cross-section geometry (which could be trapezoidal) and the position of 
the movable beam. 

To accurately capture the deformed shape two single segment non-linear 
beams, connected in series, are used. Each is connected to a side electrode, as 
shown in Fig. 3. The mathematical description of a single beam segment is based 
on Bernoulli beam theory, which gives accurate results for long and slender beams 
[8]. 

In this model Thermo-Elastic Damping (TED) can be simulated. However, 
energy loss through the anchors can only be modeled indirectly by adding a 
material damping factor in the beam so that measured and simulation Q factors 
match. 
 

          
 

                                 a)                                                                                   b) 
Fig. 4. (a) Side electrode model connected to 6 DOF 

Bernoulli beam and (b) electrostatic 2D-field 
 

4. SIMULATION  RESULTS  AND  DISCUSSION 
Using ARCHITECT3DTM we simulate the first in-plane resonant mode, as 

shown in Fig. 5. 

 
 

Fig. 5. Beam resonator deformation in its first in plane resonant  
vibration mode. For clarity, the right-hand electrode is hidden  

and the beam displacement scaled by 500 in Y. 
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Under zero bias, the mechanical Q-factor due to TED is predicted by TED 
models in the beam segments to be 5000, higher than the measured value of 2630. 
Additional energy loss is likely through the anchor. Figure 6 shows the Quality 
factor variation with the material damping factor b (no additional TED). A Quality 
factor of 2630, in good agreement with RF measurement, is obtained with a 
damping factor of 587 femto. 
 

 
 

Fig. 6. Quality factor evolution versus damping factor 
variation. Resonator damping factor definition. 

 
Figure 7 shows the simulated response from ARCHITECT3DTM and the 

equivalent circuit model extracted from measurement. The results are in good 
agreement. Equivalent circuit model values are defined in Table 1. the 
ARCHITECT3DTM electromechanical component models use physical data, i.e. 
beam width, beam length, beam thickness, resonator to electrode gap, Young 
modulus and Poisson ratio. Stress is known to be very low and not set. 

The beam width is adjusted slightly from the designed value of 260 nm to 
267.5 nm to fit the frequency. This small adjustment will always be necessary due 
to the error between measured nanoscale dimensions (which are difficult to 
measure exactly) and actual values. 

The gap is also adjusted (from 95 nm to 47 nm) to increase the 
electromechanical coupling so that the simulated output signal and measurement 
results match well. The lower gap value used in the simulation and needed to fit to 
measurement, implies a higher level of electromechanical coupling in the 
fabricated device. The reason for this is yet to be investigated. We assume that the 
measured Q-factor used to describe our mechanical device in the analytical 
simulation is probably not correct. The measured Q-factor is from the whole 
component, i.e. the mechanical resonator and electrical components (pads and 
lines). The Q-factor used in the simulation is defined for the mechanical resonator 
only. This latter Q value is probably higher than the measured one and could 
explain the gap adjustment. Nevertheless, the simulation of a higher Q factor 
doesn’t predict the correct signal curve. The use of a higher Q induces a higher 
level of electromechanical coupling, as expected, though equally thins down the 
peak width. 
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Moreover, the out of plane fringing capacitance (from the topside and 
underside of the beam) is not taken into account in the Architect simulation. This 
fringing capacitance along the beam might contribute to the electromechanical 
coupling. An additional study will be undertaken. 
 

 
 

Fig. 7. Simulated and measured gain for CC beam resonator. 
 

One of the major characteristic of a MEMS electromechanical resonator is a 
resonant frequency that is dependant of the polarization bias variation. The 
electrostatic force acting on the vibrating beam induces a negative stiffness on the 
resonator, and so resonant frequency decreases with increasing bias. This 
phenomenon is illustrated in Fig. 8 [4] which shows RF transmission 
measurements on a 67 MHz beam resonator (L=5 μm, w=0.19 μm, gap=0.11 μm) 
with varying polarization biases of 13 V, 15 V, 17 V and 19 V respectively. 
 

 
 

Fig. 8. Measured resonant frequency evolution versus bias 
variation  for  a 67 MHz  beam  resonator  

(L=5 μm, w=0.19 μm, gap=0.11 μm) 
 

Using the ARCHITECT3DTM resonator schematic shown in Fig. 3 we 
simulate the frequency shift induced by bias voltage variation. Figure 9 shows the 
evolution of the resonator output signal when the bias voltage is ranging from 13 V 
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to 19 V. The width of the beam is adjusted, from 190 nm to 191.75 nm to match 
the frequency at 13 V (exactly). Table 2 compares simulation and measured results, 
which have been reported previously [4]. 
 

Table. 2. Resonant frequency variation versus bias voltage – 
Simulation and measurement results comparison 

 

Bias 
voltage 

(V) 

Simulation 
Resonant 

frequency (MHz) 

Measurement 
Resonant 

frequency (MHz) 
19 67.23 67.35 
17 67.46 67.52 
15 67.63 67.66 
13 67.77 67.77 

 

 
 

Fig. 9. Simulated resonant frequency evolution versus  
bias variation for a 67 MHz beam resonator  

(L=5 μm, w=0.19 μm, gap=0.11 μm) 
 

We note a good match between the simulated and measured frequency shift 
with bias voltage.  

We also note that the simulated output signal away from resonance changes 
little with bias (the output signals are merged and remain stable around -64dB). 
This is compared to the measured output signal level which decreases when the 
bias voltage decreases. This might be due to the static capacitance (C0) variation 
induced by the bias voltage variation. 

This effect is simulated by the ARCHITECT3DTM simulation, as shown in 
Fig. 10, where the beam sideelectrode capacitance is plotted over a range of bias 
voltages from 0 to 20 V. Nevertheless, the static capacitance change in this voltage 
range is very small (0.4 aF) and can’t explain the output signal level variation. 
Thus an additional parasitic phenomenon must be taken into account such as 
substrate losses or lines coupling. 
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Fig. 10. Simulated static capacitance (C0) variation induces 
by the bias voltage variation from 0 to 20 V. 

 
5. CONCLUSION 
The ARCHITECT3DTM beam side electrode model enables the system level 

modeling of the flexural CC beam resonator and thus its behavior in its electrical 
environment to be investigated. Further work is underway to understand and 
improve the match between the simulated results and the measured results. We also 
aim to simulate a complete MEMS based function, such as oscillator, in the near 
future. 
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Abstract. In this paper, performance results are presented for the first RF 
MEMS switch ever to be produced in Norway. It is a shunt capacitive switch integrated 
in a coplanar waveguide configuration. The switch uses a bipolar (square wave) bias 
voltage for both actuation and holddown, and is designed to operate in the frequency 
range 10-32GHz. The fabrication process has been developed and performed at the 
Micro and Nano Laboratory at SINTEF, which has the only independent complete 
silicon processing line in Norway. In the targeted frequency range (10-32GHz), the 
measured insertion loss is between -0.17 and -0.4dB, the return loss between -23 and -
12dB, and the isolation is between 7.5 and 20dB. The achieved capacitance ratio of the 
switch is 25. Some stiction problems have been observed for either a too high pull-in 
voltage or a too high hold-down voltage. 

 
 

1. INTRODUCTION 
RF MEMS (Radio Frequency Micro-ElectroMechanical Systems) technology 

is currently regarded as a key enabling technology for future development of 
wireless communication systems due to superior performance and flexibility 
compared to existing technologies. In particular, RF MEMS components may be 
applied in future cognitive radio systems to enable reconfigurable RF front-ends 
such as flexible filtering, adaptive matching networks, and more efficient antenna 
designs. For the last four years, SINTEF has conducted research within a project 
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entitled Integrated reconfigurable radio front-end technologies (IRRFT), to gain 
experience in using RF MEMS components and devices in reconfigurable RF 
front-ends. One of the main objectives was to develop knowledge and experience 
to design and process an in-house RF MEMS switch, where the focus was on 
optimizing the probability of processing success rather than achieving ambitious 
electrical specifications. In this paper, the fabrication process and some selected 
performance results of the developed switch are presented. It is the first RF MEMS 
switch ever to be produced in Norway, and it has been fabricated at the Micro and 
Nano Laboratory at SINTEF. 

The switch is a coplanar waveguide (CPW) capacitive shunt switch, where 
the suspended MEMS bridge is actuated by applying a bipolar square wave bias 
voltage between the bridge and the center conductor of the CPW transmission line 
(t-line). A scanning electron microscope (SEM) image of the fabricated switch is 
depicted in Fig. 1 (top view). When the bias voltage is applied, an electrostatic 
force causes the bridge to bend down onto a thin dielectric layer that covers the t-
line beneath the bridge. In this down-state position, the bridge connects the t-line to 
ground (through a capacitance), realizing an RF short for microwave frequencies. 
When the bias voltage is removed, the electrostatic force is relaxed, causing the 
bridge to return to its original up-state position. In the literature, detailed analysis 
on modeling and design of CPW shunt switches are given in [1]-[3]. 
 

 
 

Fig. 1. The SINTEF RF MEMS switch 
 

2. FABRICATION  PROCESS 
The switches are fabricated on high-resistivity (4-8 kΩcm) Si with 500nm of 

thermal silicon dioxide. The switch bridge measures (80×300)μm, and is made of 
sputtered gold (Au) on top of a 2.5 μm thick sacrificial photoresist layer. The  
1.2 μm thick Au bridge has a relatively low tensile stress (30-60 MPa), and 
‘climbs’ the sloping sidewalls of the patterned photoresist. Below the bridge, the 
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bottom electrode is made of sputtered tungsten (W) covered by a 200 nm thick 
plasma-enhanced chemical vapour deposited (PECVD) silicon nitride layer (Si3N4). 
Only four photomask levels were used, defining (1) The W for electrode and CPW 
bottom layer (2) The Si3N4 layer covering the bottom electrode (3) The patch of 
sacrificial photoresist that creates the bridge-to-dielectric gap, and (4) The Au 
bridge and CPW upper layer. An additional layer of metal (Au) is often included 
for strengthening the bridge anchors and improving the t-line RF properties. Such a 
layer would probably have had a noticeable influence on the pull-in voltage, at 
least, but the SINTEF switch operates remarkably well without that layer. For 
implementation of circuits based on these switches, an additional step/mask for 
polysilicon bias lines is used. 
 

A. Bottom Electrode 

The bottom electrode consists of a 100 μm wide and 500 nm thick stripe of 
sputter-deposited W with a 12-15 nm Ti adhesion layer. Patterning is done by 
reactive ion etching (RIE). A refractory metal, W withstands the subsequent high-
temperature processing without forming hillocks as, for instance, aluminium would 
do. A smooth electrode surface is essential for a high down-state capacitance. 
Unlike e.g., Al, W has no hillock formation. 
 

 
 

Fig. 2. Surface profile of the bridge in three states: Prerelease (dotted curve),  
post-release (solid curve), and actuated (dashed curve).  

The heights are relative to the top of the WNiCr-Au 
stack. Pre-release data were obtained with optical 
profilometry on surfaces partially covered with  

photoresist, and the profile has been scaled  
and offset to obtain a good fit to the 

post-release data. 
 

Since the W electrode also serves as a section of the tline, a sufficiently thick 
electrode is needed for transmission quality. However, two other effects call for a 
thin electrode layer: First, the subsequent deposition steps (nitride deposition, 
sacrificial resist and Au sputter) are (at least partly) conformal, so the edges of the 
electrode will create steps in the Au bridge, as illustrated in Fig. 2, which also 
shows the shape of the resulting bridge before and after release. Second, sputtered 
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W has a large internal compressive stress (~1GPa); thus a thick W layer would 
produce wafer curvature and also adhesion problems (peeling). As such, the 
selected thickness of 500 nm for the bottom electrode is a compromise. 

 
B. Dielectric Layer 
A 200 nm thick layer of Si3N4 serves as the dielectric layer in the capacitive 

switch. The Si3N4 is deposited using PECVD at 300oC, and a (180×140)μm patch 
is patterned by RIE. The relative permittivity of the Si3N4 is around 8, but the 
surface roughness of the Si3N4 as well as that of the underside of the Au bridge 
results in a lower ’effective’ permittivity. 
 

C. Sacrifical Photoresist 

While achieving vertical photoresist sidewalls is the goal of many high-
resolution photoprocesses, the switch requires a process resulting in roughly 45o 
sloping sidewalls so that the Au slope/wall remains thick enough for good 
mechanical as well as electrical properties. The correct sloping sidewalls were 
achieved with a combination of proximity exposure and careful finetuning of hard 
baking parameters (temperature and time). We used a standard DNQ-novolac 
positive photoresist (HIPR 6517), which is spin coated at 2000 rpm and exposed at 
a gap of 25 μm. The optimum hotplate hardbake conditions were found to be 115oC 
for 300 s [4]. The temperature during subsequent processing steps must be kept 
well below the hard baking temperature, in order to prevent excessive baking of the 
photoresist. 
 

D. Bridge 

A 1.2 μm Au layer, with an adhesion layer of 10 nm NiCr, is deposited using 
low-power sputtering at relatively high pressure (20 mTorr). The NiCr/Au is 
deposited partly on W (CPW lines), and partly on photoresist (bridges). A low 
sputtering power ensures that the sacrificial photoresist is not much affected, and 
the sputtering pressure was tuned to achieve a low tensile stress in the Au film. The 
resulting biaxial stress of the suspended Au bridge was characterized to lie in the 
range 30-60 MPa using test structures such as Guckel rings. 

The Au film was patterned using standard photolithography and a potassium 
iodide (KI) solution. The sacrificial photoresist was removed using O2 plasma and 
Shipley 1165 microposit remover, and then the NiCr layer underneath the Au in the 
bridge was etched. Finally, the switches were dried with supercritical CO2 drying 
to avoid stiction. Images of the device are shown in Fig. 3. 
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Fig. 3. SEM images of the fabricated switch in its idle (top) 
and actuated (bottom) states. 

 
E. Mechanical Properties and Switch Operation 

A bias voltage applied between the bottom electrode and the bridge will 
cause the latter to move towards the former. The spring constant is often calculated 
under the assumptions of a fixed-fixed bridge and that there are no steps in the 
bridge. These assumptions do not apply in our case. When released, the bridge 
contracts and the parts close to the anchors deform slightly. This creates a sag or 
curvature of the released bridge, as seen in Fig. 2. Also, the bridge steps on each 
side of the bottom electrode result in local curvature changes and a softening of the 
bridge. A several μm thick additional top metal layer would reduce the first sag, 
but some electrode induced sag will always be present. However, the SINTEF 
switch exhibits an overall good performance. The measured pullin voltage is 30 V, 
and the down-state and up-state capacitance are 1.2 pF and 49 fF, respectively. 
 

3. RF  PERFORMANCE 
The SINTEF RF MEMS switch has been characterized by observing static S-

parameters during steady state operation, and by observing settling dynamics 
during transient operation. The measurements have been performed directly on 
wafer by the use of a probe station according to the measurement set up displayed 
in Fig. 4. 

The use of a bipolar bias voltage was selected in order to reduce the 
possibility of dielectric charging commonly observed in capacitive switches [3]. 
According to [3], the dielectric will not charge if the bipolar signal has a period that 
is shorter than the charging time of the dielectric. Since the electrostatic force of 
the bias signal is proportional to the square of the voltage, it will represent a 
constant attractive force to the bridge even if the polarity changes. This force will 
however go to zero in the transition between the two bipolar levels, but as long as 
this transition phase is fast enough (20-100 ns [3]), the bridge will not have time to 
react to the change. Based on these facts and the results reported in [Sec. 7.2, 3], a 
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square wave bipolar bias voltage has been selected for both the actuation and hold-
down cycle of the switch presented in this paper. 

In our case, the bias/control voltage is generated by a high voltage arbitrary 
bipolar pulse generator, which is isolated from the sensitive measurement 
equipment by tees and attenuators. Due to the flexibility of this generator, it is 
possible to address mechanical switch dynamics and to identify a bias voltage for 
fast and careful excitation. The selected bias tee in Fig. 4 represents a capacitive 
loading of the pulse generator. However, the generator still managed to deliver up 
to 60V pulses at a slew rate of 600V/μs. In Fig. 5, a magnified view of the probe tip 
ready for touch down on the RF MEMS switch is shown. 
 

 
 

Fig. 4.  Measurement  set  up  for  either  S-parameters  with 
network analyzer or for dynamic transient response with 

a high speed synchronized spectrum analyzer. 
 

 
 

Fig. 5. The probe tip (GSG 200) ready for touch down on the 
SINTEF RF MEMS switch denoted MAIN. 
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A. S-parameters 

For the S-parameter measurements, the bias voltage was selected to be a 
rectangular bipolar signal at 10 kHz slightly above the pull-in voltage, hence using 
a hold-in voltage that is identical to the pull-in voltage. The switch was released 
after 10 s by setting the bias voltage to zero. Under these conditions, none of the 
tested samples returned to their initial up state position. However, as shown in 
Section IIIB, the switches did release when the bias voltage was quickly and 
gracefully reduced after pull-in to a lower hold-in voltage. 

The measured S-parameters of the SINTEF switch are presented in Fig. 6 and 
Fig. 7. In Fig. 6, insertion and reflection loss are presented for the open switch (up-
state) whereas in Fig. 7, similar results are presented for the closed switch (down-
state). All the measured results are compared to a modelled result based on the 
lumped RLC model shown in Fig. 8. 
 

     
 

Fig. 6. Insertion and reflection loss for the open switch (black)  
together with the modeled result (red) for the T-model 

with C=49fF, R=0.82 and L=15pH. 
 

    
 

Fig. 7. Insertion and reflection loss for the closed switch (black) together with the  
modeled result (red) for the T-model with C=1.24pF, R=1.0 and L=6.5pH. 

 

 
 

Fig. 8. Lumped T-model of a capacitive shunt switch. 
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The impedance of the switch as a single port device with the output port left 
open is Z = Z0[(1+ΓeJφ)/(1-ΓeJφ)], where Z0 is the characteristic impedance of the t-
line, and Γ is the magnitude of the reflection coefficient. The highest Q- factor is 
found at the phase angle 

2
πφ ±= , where the total reflection coefficient is pure 

imaginary. From the measured S-parameters, the down-state -factor of the switch 

has been estimated to about 20-30 according to the equation ( )
( ) Γ−

≈=
1

1
zre
zimQ . 

 
B. Settling Dynamics 

The bias voltage level affects the settling time of the switch, so fast operation 
is possible if the bias voltage is increased. However, it has been observed that fast 
operation also introduces a mechanical bounce in the switch. Due to this, the 
settling speed was aimed to about 100 μs. In Fig. 9, the RF attenuation through the 
switch is depicted as measured by a Rohde & Schwarz spectrum analyzer. The 
switch is operated with the bipolar bias voltage and a 30 V pull-in voltage, which is 
gracefully reduced to a hold-in voltage of approximately 12 V. After 360 μs, the 
bias voltage goes from -12V to zero and the bridge starts to return to its original 
up-state position. 

The switches have been turned on and off at a rate of 250 Hz to provoke for 
any failure. After some time, a stiction tendency was observed. The delayed rise up 
movement is possibly caused by a stiction mechanism not yet identified. Charge 
buildup, mechanical failure and viscous tension from contamination are some 
candidate explanations for this behavior. 

 

           
 

 

4. CONCLUSION 
This paper has presented Norway’s first RF MEMS switch, a capacitive shunt 

switch produced at SINTEF. Between 10-32 GHz, the measured insertion loss is 

Fig. 9. Dynamic on/off response of the RF 
MEMS switch at 20 GHz after one 
million cycles with a spectrum  analyzer 
in zero span mode. 
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between -0.17 and -0.4dB, the return loss is between -23 and -12dB, and the 
isolation is between 7.5 and 20dB. The achieved capacitance ratio of the switch  
is 25. 
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Abstract. This paper reports on a capacitive shunt and an ohmic series RF 
MEMS switches behaving with high performances in a wide range of frequencies (6 to 
40 GHz). The shunt switch produces an insertion loss of 1.1dB and an isolation better 
than 30dB at 40GHz. On the other hand, the series switch has a measured isolation and 
return loss better than 25dB and less than -15dB respectively, for the entire range. A 
cascade configuration of both devices suggests that a very high isolation is achievable 
(better than -40dB over the frequency range of 6 to 40GHz), while keeping low the 
insertion (-1.1dB) and return losses (better than -17dB). 

 
 

1. INTRODUCTION 
RF switches are widely used in wireless communication systems, such as 

switched-line phase shifters in phase array antennas or transmit/receive switches 
for reconfigurable front-end radios [1]. For theses applications are required 
switches with low insertion loss and very high isolation for a wide range of 
frequencies. 

RF MEMS shunt capacitive switches performances are limited by a low-
medium capacitive ratio (Cr). Even if theoretically a 100 on/off Cr is feasible, due 
to the roughness and planarization of the bottom and suspended electrodes, the 
fabricate Cr rarely is bigger than 50 and commonly is around 10 [2]. A poor on/off 
capacitance ratio commonly results in poor matching and/or poor isolation. RF 
MEMS series ohmic switches are generally suited for low frequency applications. 
The isolation is limited by the up capacitance at high frequencies (S21 > -20dB)[3]. 

In order to achieve a very high isolation a solution is to design the shunt 
capacitive switch to resonate at the frequency of interest [4]. However, the high 
isolation performance is only possible in a narrow frequency bandwidth. 
Overcoming these limitations is possible by combining multiple devices (ohmic 
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and capacitive) in parallel or series to achieve the desired characteristics [5] at the 
expense of an slightly increase of the insertion loss. 

Thus, the aim of the paper is to propose a very high isolation solution over a 
wider range of frequency by cascading a series ohmic cantilever with a shunt 
capacitive switch (Fig. 1). As a result the reflection coefficient of the shunt switch 
in the up state position (standard limited parameter) is reduced improving the 
matching for the conductive ON state (series ohmic in down and shunt capacitive 
in up state) as well as increasing the isolation in the isolation OFF state (applying 
the contrary states). 
 

 
 

Fig. 1. Layout of the series-shunt switch cascade configuration. 
 

This paper focuses on the design, modeling, 3D finite-element and circuit 
parameter electromagnetic (EM) simulations and on the implementation of a 
capacitive shunt switch, an ohmic series cantilever and the result of cascading both 
devices suitable for 6 to 40 Ghz very high-isolation applications. The fabrication of 
these devices have been done and fully characterized individually. The cascaded 
solution is in process and simulations of the expected results are presented. 
 

2. DESCRIPTION OF THE DEVICES 
Both ohmic and capacitive switches have been fabricated by ISIT-FHG 

within a multi project wafer run on a 508 μm high resistivity silicon substrate  
(>3 kΩ.cm). The silicon substrate is isolated with a thick 2 μm thermal oxide 
insulator to avoid the effect of free charge carriers in the substrate interface. The 
RF MEMS switches are loaded on a 78Ω−high impedance CPW line consisting of 
2.5 μm gold conductor, except under the MEMS bridges or cantilever where a thin 
layer of a sandwich of metals (Ti/Pt/Au/Pt) is used instead. The thin metal signal 
line is covered in the actuation region by 300 nm of AlN, which dielectric constant 
is 9.8. The total CPW width is 300 μm with G/W/G of 125/50/125 μm. 

The suspended membrane is 900 nm thick consisting of a AuNiAu multi-
layer. In Fig. 2 it can be observed the profilometer optic images of the finish 



High-Isolation Shunt-Series MEMS Switch 147

devices and a FIB cross section of the capacitive switch where the measured air 
gap is 1 μm. However, the expected air gap was supposed to be bigger and RF 
performances comparing with 3D EM Ansoft’s HFSS simulations confirm that the 
real air gap is around 2-2.5 μm. The reason is that a partial self-actuation of the 
suspended beam is produced when doing the FIB cross section due to the high ion 
current needed for milling the structure. 
 

      
 

                                           a)                                                                 b) 
 

 
 

c) 
Fig. 2. a) and b) Profilometer optic images of the finish devices; 

c) Focused Ion Beam (FIB) cross section of the 
released shunt capacitive switch. 

 
3. CAPACITANCE  SHUNT  SWITCH 
A 13 V low actuation RF MEMS shunt capacitive switch is designed using 

meander-type anchoring with an spring constant of k=9 N/m. The shunt switch is 
modeled by an equivalent T-model circuit as shown in Fig. 3. Device 
characterization from 6 to 40 GHz is carried out on E8361A Vector Network 
Analyzer and the calibration is done using an external SOLT commercial kit. Fig. 4 
illustrates the S parameter measurements and a SEM image of the shunt switch 
which provides good RF performances with an isolation better than 30 dB, 1.1 dB 
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of insertion loss and 15 dB of return loss at 40 GHz. The extracted circuit 
parameters are shown in Table 1. ADS equivalent circuit simulation of the 
extracted values is plotted in Fig. 5.a. as well as 3D EM finite-element HFSS 
simulation of the capacitive switch is depicted in Fig. 5.b. Both simulations are in 
good agreement with the measurements validating the extracting parameter method 
and the HFSS model. 
 

 
 

Fig. 3. Equivalent T-model used to extract the circuit parameters  
of the RF MEMS capacitive shunt switch from  

Sparameters measurements. 
 

    
 

                                     a)                                                                           b) 
 

Fig. 4. a) Measured S-parameters of capacitive shunt switch 
in the up-state and the down-state, b) SEM of the  

fabricatedcapacitive shunt switch. 
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Table 1. T-Model Circuit Parameter Extraction from 
S-Parameters Measurements 

 

 
 

  
 

                                        a)                                                                                b) 
Fig. 5. a) ADS T-model circuit simulation of the extracted values from the capacitive shunt switch  

S-parameters measurements in the up-state and the down-states from 0V to 40V.  
b) HFSS S-parameter simulation of the 3D finite element electromagnetic  

model of the fabricated capacitance switch. 
 
 

4. OHMIC  SERIES  CANTILEVER 
The RF MEMS series ohmic cantilever is modeled by an equivalent PI-model 

circuit as shown in Fig. 6. The model includes the influence of the external 
actuation by means of Rbias and Cbias. The actuation voltage is higher than 
expected due to an induced stress on the cantilever while fabrication. Device 
characterization is performed by the same way as the capacitive switch. Figure 7 
depicts the ohmic cantilever as well as the Sparameters measurements. 
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Fig. 6. Equivalent PI-model used to extract the circuit parameters  
of the RF MEMS ohmic series cantilever from  

Sparameters measurements. 
 

    
 

                                  a)                                                                                       b) 
Fig. 7. a) SEM of the fabricated novel metal membrane ohmic series switch.  

b) Measured S-parameters of the MEMS series switch  
in the up-state and the down-state. 

 
The ohmic switch provides an insertion loss of 0.6dB, an isolation better than 

25dB and a return loss less than -15dB for the entire frequency range. The 
extracted circuit parameters are shown in Table 2. ADS equivalent circuit 
simulation is plotted in Fig. 8 being in concordance with measurements. 
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Fig. 8. ADS PI-model circuit parameter simulation of the 
ohmic series switch S-parameters in the up-state  

and the down-states. 
 

Table 2. Pi-Model Circuit Parameter Extraction from 
S-Parameters Measurements 

 

 
 

5. SERIES  AND  SHUNT  CASCADED  SIMULATIONS 
The ohmic series and capacitive shunt switches can be cascaded to produce a 

very high isolation over a wide range (6-40 GHz) when the series switch is in the 
up-state and the shunt switch is in the down-state and very good matching (low 
return loss) on the contrary situation. Figure 9 illustrates the result of simulating the 
cascade of individual S-parameters simulations.  
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a) 
 

 
 

b) 
Fig. 9. Simulated S-parameters for the cascaded seriesshunt switch: a) In the isolation state (S21 off, 

series up and shunt down) and in the conduction state (S11on, series down and shunt up)  
and b) the insertion loss in the conduction state. The simulation is done using individual  
series and shunt switch S-parameters measurements and cascading the ABCD matrixes. 
 

 
 

Fig. 10. Circuit parameter simulation of the cascade ADS T-model and  
PI-model of the series-shunt switch configuration. 
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On the other hand, Fig. 10 depicts the result of cascading the ADS circuit 
parameters shunt switch Tmodel and ohmic cantilever PI-model. Both approaches 
provide very promising results for very high isolation wide-frequency-band 
applications. 
 

5. CONCLUSION 
This article suggests that very high isolation in a wide range of frequency is 

possible cascading ohmic series and capacitive shunt switches. Such configuration 
provides an isolation better than -40dB over the extended frequency range from 6 
to 40GHz, while keeping low insertion losses (-1.1dB) and acceptable return losses 
(-17dB). 

The RF MEMS capacitive shunt switch and the RF MEMS ohmic series 
cantilever have been characterized. A full 3D electromagnetic and circuit 
parameter model has been developed and validated by comparison with S-
parameters measurements. 
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Abstract. This work present the design, and manufacturing of a novel K-band 5-
bit MEMS phase shifter for applications in reconfigurable antenna systems. A hybrid 
architecture based on both switched line and loaded line topologies has been adopted. 
The device has been manufactured in microstrip technology on 200 μm thick high 
resistivity silicon substrate by using the 8-masks FBK MEMS process. The phase 
shifter full wave simulations show excellent performance in the frequency band of 
interest 20.2-21.2 GHz. Return loss and insertion loss better than 17 dB and 2 dB and 
phase error minor than 2 degrees are obtained for all the 2^5 phase shifter states. The on-
wafer measurements of the single bits confirmed such high performance, showing a 
phase error minor than 2.5 degrees and a return loss better tan 20 dB for all bits. The 
losses are dominated by the MEMS switch contact resistance, which is about 1.8 Ohm 
for every MEMS clamped-clamped beam ohmic switch. A low cost plastic package has 
been designed and manufactured as well. The on-wafer measurements of the complete 
5-bit phase shifter are in progress as well as the packaged device.  

 
 

1. INTRODUCTION  
Microwave phase shifters are basic components used in a large variety of 

communication and radar systems, microwave instrumentation, and industrial 
applications [1-4]. As commercial and military systems increasingly move towards 
smaller and high performance antenna systems, MEMS technology can be applied 
to develop electronically reprogrammable phase shifters with low-power 
consumption, low loss, and excellent linearity.  
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This paper presents the design and manufacturing of a compact 5-bit K-band 
MEMS phase shifter to be used in reconfigurable telecommunication systems. The 
phase shifter is being manufactured on 200 μm thick high resistivity silicon 
substrate by using the well-established FBK MEMS process [5]. The electro-
magnetic design of the 5-bit phase shifter is shown in Section 2. Section 3 presents 
the device manufacturing and preliminary experimental results. The design of the 
low cost plastic package developed is described in Section 4.  
 

2. PHASE  SHIFTER  DESIGN  
The 5-bit MEMS phase shifter has been developed with a hybrid architecture 

to operate in the bandwidth 20.2-21.2 GHz. For the first four bits (180°, 90°, 45°, 
22.5°) a switched line topology has been chosen since in the frequency band of 
interest it results to be the best trade-off among large phase shift, low loss and 
reduced space occupation. The fifth bit (11.25°) is based on a loaded line topology, 
which is convenient for the less significant bit where a small phase shift is 
required. The whole device has been designed on 200 μm thick HR Silicon 
substrate in microstrip technology. The total space occupation of the device is 
11.35×3.2 mm2, a photo being shown in Fig. 1.  
 

 
 

Fig. 1. Photo of the 5-bit MEMS phase shifter.  
 

The first 4 bits utilizes ohmic clamped-clamped beam MEMS switches as 
building blocks in order to drive the signal into the desired path. Such switches 
have been previously developed and tested as presented in [6]. Excellent 
performance was measured for the single switch, with an on-state contact 
resistance below 2 Ohm and isolation better than 20 dB in the 0-30 GHz frequency 
band.  

On the other hand, shunt capacitive switches were used as tunable capacitive 
loads for the realization of the fifth bit (11.25°). These capacitive switches show a 
similar mechanical structure with respect to the ohmic ones but lower loss since 
they are placed in shunt configuration.  
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Each bit of the phase shifter was designed by using the full wave simulator 
ADS Momentum [7]. Afterwards the simulations of the single bits were circuitally 
cascaded in order to predict the performance of the whole structure. The results are 
presented in Fig. 2 for all the 2^5 states.  

Simulated results show a return loss and an insertion loss better than 17 dB 
and 2 dB respectively for all the phase shifter states. The losses are expected to be 
higher than simulated since the MEMS switch contact resistance was not taken into 
account in the simulations. Phase error is minor than 2 degrees in the 20.2-  
21.2 GHz frequency band.  
 

   
 

              a)                                                                                  b) 
 

 
 

c) 
Fig. 2. Simulated S-Parameters of the phase shifter for all the states:  

Return loss (a), Insertion Loss (b), Phase Shift (c). 
 

2. MANUFACTURING  &  EXPERIMENTAL  RESULTS  
The MEMS phase shifter has been fabricated at Fondazione Bruno Kessler 

Laboratories, employing the well-established eight-mask surface micro-machining 
process. The process allows the electrodeposition of two gold layers of different 
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thicknesses for highly complex movable bridges and microstrip lines. The air 
bridges are realized without the need of any planarization step by using photoresist 
as sacrificial layer. The bridge release is done with a modified plasma ashing 
process in order to avoid sticking problems. The bias network is realized by 
depositing a high resistive poly-silicon layer covered with silicon oxide for 
isolating the DC from the RF lines. The process allows the monolithic 
manufacturing of both ohmic and capacitive switches. Low Temperature Oxide is 
used as dielectric for capacitive switches as well as MIM capacitors. On the other 
hand, a third gold layer is deposited for the realization of low resistance metal-to-
metal electro-mechanic contacts for ohmic switches.  

The SPST switches and the single bits constituting the phase shifter have 
been realized in the same wafer in order to be able to look at the performance and 
the phase error introduced by every single part of the circuit. Via-less coplanar to 
microstrip transitions have been realized enabling on-wafer probe tests (Fig. 3). A 
TRL calibration kit has been then thus realized on the same wafer in order to 
remove the contribution of such transitions during the measurements.  

As an example, the layout and the measured performance of the most 
significant bit (Bit 1) are presented in Figs. 3-4. Return loss better than 20 dB and 
insertion loss better than 1.3 dB were measured for both signal paths (reference and 
180° phase shift lines) in the entire frequency band of interest 20.2-21.2 GHz. The 
loss is dominated by the switch contact resistance, which is about 0.9 Ohm for 
every contact point (1.8 Ohm for every SPST switch)  
 

 
 

Fig. 3. Photo of Bit1 coplanar- microstrip transition for  
on-wafer probe measurements. 

 
All 5 bits showed excellent performance and a very good agreement with the 

full-wave simulations. Return loss better than 20 dB and insertion loss better than 
1.3 dB have been measured for all bits in the frequency band of interest 20.2- 
21.2 GHz. As expected for such a phase shifter topology, the phase shift of every 
single bit is extremely linear over a very wide frequency band (Fig. 5).  
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a) 
 

 
 

b) 
Fig. 4. Measured Return Loss (a) and Insertion Loss (b) of Bit1 in the 15-25 GHz frequency band. 

Red curve refers to the reference signal line, blue curve to the 180° phase shift path.  
 

 
 

Fig. 5. Measured Phase Shift for all the phase shifter single bits.  
 

The performance of all five bits is summarized in Table 1. Note that Bit 5 is 
extremely low loss with respect to the others since it does not utilize series ohmic 
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switches. It is indeed based on loaded line topology and the desired phase shift is 
provided by the activation of two shunt capacitive switches.  

 
Table 1. Single bit performance @ 20.7 GHz  

 

 
 

2. PACKAGE  DESIGN  
The 5 bit MEMS phase shifter has been packaged by using a low cost 

package manufactured at Optoi [8] on Laminate RT Duroid 5880 substrate [9]. 
Five layers of laminate, 254 μm thick each, have been used to realize the 1-level 
plastic package. The RF interconnections between the microstrip on the silicon die 
and the package are made by using 3 parallel wire bondings (25 μm in diameter). 
L-C matching sections have been designed and patterned in the silicon die as well 
as in the package side in order to obtain a good matching in a very wide frequency 
band.  

The via-holes transitions needed to bring the RF signal form the intermediate 
laminate layer into the external bottom surface have been optimized as well. In this 
way it has been possible to carry all signals, both RF and DC, on the package 
bottom side allowing for automatic surface mounting.  
 

 
 

Fig. 6. 3D-Layout of the 1-level plastic package transition.  
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The 3D layout of the transition is shown in Fig. 6 whereas Fig. 7 presents the 
corresponding simulated parameters. The simulations were obtained by using the 
3D simulator CST Studio [10]. Simulated results show an insertion loss and a 
return loss better than 0.5 dB and 25 dB, respectively, from DC up to 25 GHz.  

The total space occupation of the packaged phase shifter is 16.95 × 8.40 × 
1.27 mm3.  

 
 

Fig. 7. CST Studio simulations of the package transition.  
Row transition in blue and compensated one in red. 

 
3. CONCLUSIONS  
The design and manufacturing of a novel K-band 5-bit MEMS phase shifter 

has been presented. The phase shifter has been manufactured on 200 μm thick high 
resistivity silicon substrate by using the well-established FBK process. The single 
bits constituting the device have been manufactured and tested in the same wafer. 
The measurements are in a very good agreement with the full-wave simulations 
showing high performance in a wide frequency band. All bits are very well 
matched and the phase error is below 2.5 degrees for all devices. The design of a 
low cost packaging solution has also been shown. Particular attention was focused 
on the optimization of the die-package transition in order to preserve the extremely 
high performance of the device. The on-wafer measurements of the complete 5-bit 
phase shifter are in progress as well as the testing of the packaged device.  
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Abstract. In this paper three variations of wideband single-state digital 
microwave MEMS dielectric-loaded phase shifter based on 3dimensional 
micromachined coplanar waveguide (CPW) are introduced. By vertically moving a λ/2-
long dielectric block above CPW with electrostatic actuation, relative phase shift 
between up and down state is determined. Periodically etched pattern of the dielectric 
block with three different sizes is introduced for tuning the effective dielectric constant 
resulting in relative phase shift of 45º, 30º and 15º. The devices are fabricated 
monolithically using an in-house bulk and surface micromachining process on a high-
resistivity silicon substrate (HRSS). Measurement results show that the first prototype 
of this phase shifter has return and insertion loss better than -10 dB and -1.5 dB, 
respectively, for frequency range of 10 to 100 GHz with decent linear phase.  

 
 

1. INTRODUCTION  
RF MEMS phase shifters have advantages over the other types of phase 

shifter such as solid-state and ferrite because of their linear phase, less DC power 
consumption and suitability for millimeter wave applications. At W-band 
frequencies distributed MEMS transmission-line (DMTL) phase shifter in [1] have 
an excellent performance in terms of return and insertion loss. The drawback of 
this concept is that it is limited to low-power RF signals since high RF power 
quickly leads to the critical current density in the thin metallic membranes which 
results in the destruction of the switches [2].  

This paper introduces a novel digital high-frequency phase shifter which by 
its nature has a high power handling capability since no moving metallic membrane 
is employed resulting in no current density induced during the pull-down 
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mechanism. The power handling limitation depends; therefore, only on the CPW 
which can be increased by fabricating thicker t-line.  

 
2. DIELECTRIC-LOADED PHASE SHIFTER  
A MEMS electrostatic actuator, vertically moving a λ/2-long dielectric block 

above a 3dimensional micromachined CPW, tunes the propagation constant of the 
RF signal, resulting in a relative phase shift between the up and down-state shown 
in Fig. 1.  

A trailer-made high-resistivity silicon block is suspended over a 3d 
micromachined CPW connected to the anchor by four serpentine flexures. The 
HRSS silicon wafers are use to minimize substrate loss of microwave signal. 
Length of the dielectric block is selected to be half-wavelength. In this case the 
reflected electromagnetic (EM) waves from both discontinuous sides of the block 
are out of phase (180º different) and, thus, cancel each other.  

Relative phase shift is obtained by moving the dielectric block over the high-
impedance CPW (>50 Ω) resulting in different characteristic impedance of the t-
line and propagation constant of the EM waves propagating along the t-line 
between up and down state. For an example, relative phase shift of 45º is 
accomplished by vertically moving the dielectric block of 5-μm. Periodically 
etched pattern of the dielectric block with three different sizes is introduced for 
tuning the effective dielectric constant resulting in relative phase shift of 45º, 30º 
and 15º. The short circuit of DC-actuation voltage between the dielectric block and 
the CPW can be prevented by patterning an array of small silicon nitride (Si3N4) 
bumps on the CPW.  
 

 
 

Fig. 1. Single stage phase shifter: cross-section and  
schematically functional drawing.  

 
3. FABRICATION PROCESS  
The process flow for fabricating the dielectric-loaded phase shifter is shown 

in Fig. 2.  
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Fig. 2. Process flow. 
 

Fabrication starts with patterning the CPW of 1-μm gold layer with thin 
adhesive Ti-layer on the high resistivity silicon substrate. Additionally, the gaps of 
the CPW are etched into the substrate for more sensitivity of the wave propagation 
to the dielectric block. The small Si3N4 bumps are patterned. Subsequently, the 
patterned silicon wafer is bonded to a high resistivity silicon-on-insulator (SOI) 
wafer by adhesive polymer boding. Deep reactive-ion etching (DRIE) steps are 
performed to create the mechanical springs and dielectric block. The structure is 
released by standard O2 plasma process. The phase shift in a single stage can be 
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determined by artificially tuning the dielectric constant of the silicon block by 
varying the size of the etch-holes, Fig. 3. 

 

 
 

Fig. 3. SEM picture of fabricated 30º stage phase shifter  
between 45º (left) and 15º (right) stages.  

 
4. MEASUREMENT RESULTS  
Fig. 4 represents the return and insertion loss of the dielectric-loaded phase 

shifter in up and down state, respectively. The measurements show that the return 
loss is better than -10 dB from 10-100 GHz in both up and down state. The 
maximum insertion loss is -1.7 dB occurred in the down state position due to the 
material loss of the silicon substrate which can be improved by selecting low loss 
material. Fig. 5 shows relative phase shift versus frequency. It is shown that this 
dielectric phase shifter performs a decent linear phase shift. For loaded t-line length 
of  
760 μm, this phase shifter produces 592º phase shift per cm. Calculating based on 
the measured insertion loss phase shift of 30º/dB at 77 GHz is obtained. The 
actuation voltage characterized by the white-light interferometer is 29 V.  
 

 
 

Fig. 4. Return and insertion loss of the 15º, 30º and 45º phase-shifters in up and down state.  
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Fig. 5. Phase shifts between the up-state and the down-state  
for the 15º, 30º, and 45º stages.  

 
2. CONCLUSIONS  
The novel phase shifter concept based in dielectric-loaded of the 3d 

micromachined CPW is introduced. Phase shift can be determined by vertically 
moving a dielectric block resulting in changing of the propagation constant of the 
EM wave between up and down state. This kind of phase shifter has RF high-
power capability since no thin metallic moving membrane is employed. Therefore, 
there is no critical current density to be considered when self-actuation occurred. 
The power limitation can be increased easily by patterning thicker transmission 
line.  
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Abstract. Design procedure and measurement results of a one-port reflection-
type RF-MEMS phase shifter are presented. The circuit was designed for a 26 GHz 
beam-steerable reflectarray and provides 360 deg phase shift in steps of about 51 deg. 
The insertion loss at 26 GHz is below 2.5 dB for all 7 states. With the circuit area of 
about 1×2 mm² the phase shifter is very compact. The phase shifter was fabricated at 
the Fraunhofer Institute for Silicon technology ISiT (Itzehoe, Germany) using surface 
micromachining of high-resistivity silicon.  

 
 

1. INTRODUCTION  
 

Beam-steerable reflectarrays are used in many applications like low orbit 
communication satellites, automotive radar systems and remote sensing. Among 
their advantages are low cost, low mass and improved radiation efficiency as 
compared to phased array antennas or reflectors. Higher radiation efficiency of 
reflectarrays is mainly due to direct feeding from radiating apertures and not 
through a separate feeding network, being a significant source of losses in other 
types of antennas.  

Either varactor diodes or MEMS devices can be used to steer the beam in 
different directions. Here we wish to explore a MEMS-based controlling network, 
having a potential for very low loss and high linearity. Generally, MEMS 
reflectarrays can be divided into two groups – 1) with MEMS-tunable load being 
integrated into the radiating elements itself [1]-[3] 2) with MEMS load being 
physically separated from the radiating elements [4]-[5].  
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The purpose of this work is to design a MEMS phase shifter to be used in a 
reflectarray from [5]. It is a microstrip patch reflectarray, which is slot-coupled to a 
tunable coplanar load. One segment of the array is shown in Fig. 1. As illustrated, 
the patches are located on one side of the wafer and the MEMS-tunable loads – on 
the other and the whole system is fabricated on a single high-resistivity silicon 
wafer processed from both sides. As it can be seen in Fig. 1, the incoming wave 
will be reflected by the phase shifter with a particular phase delay depending on the 
phase shifter state. The desired radiation pattern is formed by providing proper 
phase distribution at the individual patches across the reflectarray.  

Thus a phase shifter with a high resolution and low loss is required. Besides, 
it should be small enough to fit onto one unit cell, whose dimensions are limited by 
half a wavelength in free space at the operation frequency (26 GHz).  
 

        
 

                              a)                                                                                b) 
Fig. 1. Unit cell of the MEMS-steerable reflectarray. Microstrip patches are fabricated on  

one side of the wafer (a) and MEMS-tunable coplanar load on the other (b). 
 

Generally, MEMS phase shifters can be realized as distributed MEMS 
transmission lines (DMTL), switched delay lines or reflection-type topologies. 
Owing to the tight space constrains, only the reflection-type phase shifter is 
feasible and is considered in the following.  
 

2. TECHNOLOGY  
 

The phase shifter was fabricated at the Fraunhofer Institute for Silicon 
Technology ISiT (Itzehoe, Germany) by means of surface micromachining of high-
resistivity Silicon (ρ>3kΩcm, 508 μm) covered with 2 μm of SiO2. The fabrication 
process employs seven masks, including thin metallisation for the under-path layer, 
two dielectric layers (300 nm AlN with εr =10 and 300 nm SiN with εr=7.5), 
sacrificial layer for the air-gap (2.7 μm), MEMS membrane metallisation, 
electroplated gold for transmission lines and antenna patches (3 μm) and thick Ni 
for MEMS springs and supports.  
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3. EQUIVALENT CIRCUIT ADN MODELLING  
 

A. RF MEMS Switch Design  

Fig. 2 shows the microphotograph and the cross-sectional view of the shunt 
capacitive MEMS switch designed for the phase shifter. The coplanar line is 
covered with a 300 nm layer of AlN (εr=10); the air-gap in the bridge’s up-state is 
about 2.7 μm.  

Depending on the biasing scheme the MEMS bridge can either be grounded, 
i.e. connected to coplanar line grounds, or floating. Since in this design individual 
MEMS switches must be controlled independently, using grounded membranes 
would require either DC-blocking capacitors or separate actuation electrodes. In 
case of floating membranes, which were used here, these measures are not needed 
since the actuation signal is applied directly to the MEMS bridge. Moreover, the 
actuation voltage is lower compared to a grounded-membrane case, since the 
actuation area is realized using both CPW centre conductor and grounds.  

The switched MEMS capacitance is formed by a series connection of Csignal 
and two CGND, which are capacitances between the MEMS bridge and CPW 
centre conductor and grounds respectively. The series connection reduces the 
overall MEMS capacitance as compared to a grounded-membrane, there only 
Csignal is present. This is advantageous for the up-state capacitance, since a low 
Cup is desired for better resolution of the phase shifter (see equation (1)). 
However, in the down-state a high capacitance is required to provide a short-circuit 
at the operation frequency (26 GHz). By making the ground areas large enough the 
reduction of the overall capacitance due to two CGND is minimized.  

 
B. Phase Shifter Design  

 

The microphotograph of the phase shifter is shown in Fig. 4. It consists of a 
coplanar line, loaded with six shunt capacitive MEMS switches. The phase shifter 
unit cell is formed by a piece of coplanar line of length and a MEMS switch and is 
modelled as illustrated in Fig. 4. One end of the coplanar line is used as RF input 
and output and the other end is short-circuited. Actuating either of the switches 
creates an RF-short-circuit to ground at different locations along the coplanar line. 
The input signal travels till the location of the short-circuit, gets reflected there and 
travels back to the output. When none of the switches is actuated, the signal will be 
reflected at the short-circuited end of the coplanar line. Thus the necessary physical 
length of the phase shifter corresponds to one half of the electrical length required 
for a particular phase delay. Since the phase shifter is intended to be used in a 
reflectarray, it is a one-port device sharing the same input and output. This 
eliminates any couplers required in case of two-port circuits, making the phase 
shifter very compact.  
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The resolution of the phase shifter, i.e. the minimum phase shift increment, is 
given by (1): Bias lineMEMS Bridge Fig. 2 Microphotograph and a cross-section 
of the MEMS bridge used in the phase shifter.  
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Fig. 2. Microphotograph and a 
cross-section of the  MEMS bridge 
used in the phase shifter. 

Fig. 3. Measured performance of a single 
MEMS switch in the up- and down states. 
The pull-down voltage is about 37 V and 
the measurements were taken at 45 V. 
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where β is the phase constant, s is the spacing between neighbouring switches, Vph 
–phase velocity, L’ and C’ – distributed inductance and capacitance of the 
unloaded coplanar line and Cup is the MEMS’s up-state capacitance. The factor of 2 
in (1) takes into account that the signal will travel back and forth, thus twice the 
distance between the neighbouring switches s.  

For maximum resolution the spacing s and the up-state capacitance Cup 
should be minimized. The spacing is set to the minimum value of 262 μm given by 
the technological constrains. So the choice of the up-state capacitance is the most 
important for the design. Since the ratio of up- and down-state capacitances is 
fixed, reducing up-state capacitance simultaneously lowers the down-state 
capacitance, which may not provide a short-circuit at 26 GHz. For narrow-band 
applications the reduction in the down-state capacitance can be somewhat 
compensated by increasing the switch’s inductance. This lowers its resonance 
frequency and increases the isolation at lower frequencies.  

With the help of EM-simulations an optimum MEMS membrane geometry 
was found, which can be seen in microphotographs in Fig. 2 and Fig. 4. The 
measured performance of the MEMS switch is shown in Fig. 3. The pull-down 
voltage is about 37 V and all measurements were taken at 45 V. Measured up- and 
down-state capacitances equal 30 fF and 550 fF respectively. To improve the 
isolation at 26 GHz, a relatively low down-state capacitance is compensated by an 
increased MEMS inductance provided by narrow regions of the membrane above 
CPW gaps (LMEMS=17 pH). It is not possible to further decrease the up-state 
capacitance since then the down-state capacitance is becoming unacceptably low.  

With s=262 μm and Cup=30 fF, one phase shift segment results in a phase 
shift of about 51 degrees at 26 GHz. Thus 360 degrees are covered in seven states 
provided by six MEMS switches and the short-circuited end of the coplanar line. 
The resulting reflection-type phase shifter is very compact with an area of about 
1×2 mm².  

 
4. PHASE  SHIFTER  MEASUREMENT  RESULTS  

 

Fig. 5 illustrates the phase shift at 26 GHz versus the phase shifter state.  
360 deg are covered in seven steps of about 51 deg. A comparison with a linear 
function indicates a maximum phase error of about 18 deg. There can be two 
reasons responsible for phase variations. First of all, there can be slight variations 
in the up-state capacitances of individual MEMS switches owing to stresses 
developed in membranes during fabrication. This may cause some membrane 
deformations and lead to a small differences of the up-state capacitances of the 
neighbouring switches. Besides, phase errors can be introduced if the down-state 
capacitances of individual switches are not exactly the same and thus reflect the 
signal with a slightly different phase. Variations in the down-state capacitances are 
again caused by slight membrane deformation in the fabrication.  
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As it can be seen from Fig. 6, the phase shifter’s loss at 26 GHz is below  
2.5 dB for all states and stays almost constant up to 45 GHz. As frequency 
increases, the MEMS bridge approaches an ideal short circuit in the down-state and 
reflects the signal more effectively. On the other hand at frequencies below 20 GHz 
the down-state capacitance is not high enough to reflect the signal. The signal 
passes through the switch and travels along the short-circuited coplanar line with a 
significantly reduced phase velocity due to high loading of the down-state 
capacitance. Thus the structure is operated closely to the Bragg reflection 
frequency, leading to high attenuation of the signal at low frequencies.  
 

 
 

Fig. 4. Microphotograph of the phase shifter and  
the equivalent circuit of a unit cell. 

 

 
 

Fig. 5. Measured phase shift versus phase shifter state at 26GHz and comparison  
to a linear function. 360 deg are covered in seven steps of about 51 deg. 
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Fig. 6. Measured phase shifter insertion loss  
versus frequency for all seven states. 

 
 

5. CONCLUSION  
 

The reflection-type phase shifter was designed which covers 360 deg in steps 
of about 51 deg at 26 GHz. The phase shifter loss is below 2.5 dB in all seven 
states. The maximum phase error is 18 deg. The reflection-type topology was 
chosen due to its compact sizes, which is the main limitation for integration of 
MEMS-tunable load onto a reflectarray. The shunt capacitive MEMS switch with 
biased membrane was selected due to a simple biasing circuitry and lowest 
actuation voltage. The shape of the MEMS membrane was optimized for the 26 
GHz operation by locally narrowing the membrane to increase its inductance and 
reduce the resonance frequency, thus improve the isolation at 26 GHz.  
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Abstract. This paper presents fast miniature RF MEMS switched capacitors 
used to design and fabricate 90 and 180 degree DMTL phase shifters operating at 20 
GHz. The capacitors are only 40x40 μm² and 0.35 μm thick and are actuated with a 24 
V monopolar bias voltage. Minimum measured switching time is around 1 μs. Both 90 
and 180 degree sections are respectively less than 4.5 and 8.5 mm long. Measured 
insertion loss is 90°/dB for both sections, and return loss is better than -13 dB and -11 
dB. This work presents an improvement in fast reconfigurable network designs based 
on miniature RF MEMS components. 

 
 

1. INTRODUCTION 
The interest in miniaturizing RF MEMS switches or switched capacitors is 

justified by the need to improve RF MEMS reliability and switching times in order 
to design low-loss fast reconfigurable networks based on RF MEMS. 
Implementing such components to devices as smart antennas or phase shifters 
reduces loss compared to semiconductor components. Miniature RF MEMS 
capacitors have recently demonstrated fast switching times [1-2], high pull-up 
pressure, and are less sensitive than standard RF MEMS to temperature variation 
and dielectric charging effects. 

Distributed MEMS Transmission Lines have been widely developed in the 
past few years for matching networks [3], tunable filters [4] or phase shifters [5-6]. 
DMTL phase shifters fabricated on a coplanar waveguide often use long bridges 
suspended above the central conductor line and linking both ground planes. When 
they actuate, these bridges reduce the line impedance and the wave is slowed 
down. One way to reduce operation times is to use miniature RF MEMS. 

This paper presents a novel DMTL phase shifter design based on fast 
miniature RF MEMS capacitors with a Con/Coff ratio of 3.1, and designed to 
provide a 15 degree phase shift per unit cell at 20 GHz. Although capacitors can 
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actuate using a 24 V monopolar bias voltage, a 40 V voltage is required to achieve 
switching times as low as 1 μs. 90 and 180 degree phase shift sections have been 
fabricated. Measured insertion loss and return loss are presented here for both 
sections. 
 

2. SWITCHING  TIMES  AND  MINIATURE  
    RF  MEMS  CAPACITORS 
Miniature RF MEMS switches or capacitors can be fabricated and 

implemented as arrays to operate with high capacitance values. The SEM picture 
presented in Fig. 1 shows an array of 30 miniature RF MEMS bridges over a 
coplanar waveguide. These bridges are only 30 μm long and 7 μm wide. 
 

 
 

a) 
 

 
 

b) 
Fig. 1. (a) Miniature RF MEMS array and  

(b) close-up on miniature bridges. 
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The miniaturizing effects on switching speed have been previously 
demonstrated by [1]. Switching times are given by Eq. 1 [7] : 
 

0a

p
s f2πV

V
t 3.67≈

                                                       (1) 

 

The applied bias voltage Vs is generally 1,2-2 higher than the pull-in voltage 
Vp to ensure the bridge actuation. The mechanical resonance frequency is higher 
for short beams since the spring constant k is more important in this case. The 
switching time is independent of the beam width w since ω0=(k/me)1/2, and the 
effective mass me and the spring constant k are linearly dependent of w. Fig. 2 
presents computed switching times for different lengths of 0.35 μm thick bridges, 
for a 10 MPa tensile stress, and for Vs = 1.5 Vp, where the contact electrode width 
is twice narrow than the bridge length. 
 

 
 

Fig. 2. Switching time as a function of beam length. 
 

Although short beams ensure fast switching times, they require high 
actuation voltages to be actuated. The pull-in voltage is computed using Eq. 2 [7], 
where g0 is the 1 μm gap, ε0 is the dielectric constant of the air, and w and wel are 
respectively the bridge and the contact electrode widths. As the switching time ts, 
the pull-in voltage is also independent of the width electrode since k is linearly 
dependent of w. Fig. 3 shows the computed pull-in voltages as a function of beam 
length. 

el0
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V
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⋅
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                                          (2) 

 

40 μm long bridges have been chosen here to design fast DMTL phase 
shifters since they are a good compromise between actuation voltage and fast 
switching speed. 
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3. DESIGN OF THE UNIT CELL 
A unit cell has been designed with 40 μm long capacitors. A novel topology 

has been used since these bridges are not long enough to link both ground lines. 
The unit cell is obtained with two bridges implemented on each ground line, and 
contacting the central conductor line when a bias voltage is applied. Indeed, at the 
middle of the unit cell, two electrodes (one at each side of the central conductor 
line) are used as bias electrodes in order to actuate the bridges. Fig. 4 presents a 
photograph of this unit cell and a cross-view section of the designed miniature RF 
MEMS capacitors. 
 

 
 

a) 
 

 
 

b) 
Fig. 4. (a) Photograph of a unit cell. (b) Close-up and crossview 

section of the miniature switched capacitor. 
 

Both 90 and 180 degree sections have been designed to operate at 20 GHz, 
following existing design methodology [5]. Return loss is desired to be less than - 
15 dB and the Bragg frequency is chosen to be only 46 GHz to ensure the 
capacitance values at both up- and down- states, resulting in a 15 degree phase shift 
per unit cell. The length s of a unit cell (spacing between couple of bridges) is  
660 μm, found using Eq. 3. 

 

eff0B

d

εZfπ
cZs=                                             (3) 
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Zd is the loaded-line impedance at down-state position, c is the speed of light 
in vacuum, fB is the Bragg frequency, and εeff is the effective dielectric constant 
(2.39 for quartz substrate). The characteristic impedance Z0 of the unloaded line, 
also chosen by the designer, is 85 Ω. 

The capacitance values at the up- and down states are respectively 40.7 fF 
and 126 fF. 

 
IV. FABRICATION 
Fig. 5 shows the fabrication process of a unit cell for the designed phase 

shifters. The coplanar waveguide line is built on a 525 μm thick quartz substrate 
(εr=3.78, tan δ=0.0009). The CPW line width and gap are respectively W=80 μm 
and G=60 μm to obtain the desired 85 Ω characteristic impedance. A first gold 
deposition is patterned for both signal line fingers, linked together. The second step 
consists in deposing and patterning a 400 nm dielectric layer (Al2O3) to create a 
capacitive contact with the bridges. The same mask is used to pattern the 1 μm 
sacrificial layer. Then, the CPW lines and the bridges are made by deposing the 
same 350 nm gold layer by thermal evaporation. Thus, the contact gold electrodes 
are connected to the CPW line. The transmission line and the ground planes are 
electroplated with 1 μm gold. Finally, the bridges are released and are dried in a 
carbon dioxide critical point dryer. The fixed-fixed beams are suspended 1 μm 
above the conductor line and are only 40×40 μm² by 0.35 μm thick. 
 

 
 

Fig. 5. Fabrication process of a unit cell with miniature  
RF MEMS bridges. 

 
5. SWITCHING TIME MEASUREMENTS 
Switching times have been measured for this unit cell with 40 μm long 

bridges using techniques previously shown in [8]. A continuous wave signal is 
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applied to the component and is modulated when the bridges actuate. The RF 
signal modulation is detected since the impedance decreases at the down-state. A 
24 V pull-in voltage has been measured, but bridges are here actuated at 40 V to 
increase the reconfiguration speed. Fig. 6 presents the measured output signal 
variation that represents the reconfiguration speed of the unit cell. The estimated 
measured switching time is 1.2 μs. 

 

 
 

Fig. 6. Measured switching time for a unit cell. 
 

6. PHASE  SHIFT  SECTIONS  AND  
    RF  MEASUREMENTS 
90 and 180 degree sections are easily achieved by cascading 6 and 12 unit 

cells. A 90 degree section is presented on Fig. 7. 50 Ω tapers are used at both 
terminations for probe pad measurements. Bias voltage is applied on the central 
conductor line. Return loss and insertion loss of both sections have been measured 
at both states using a Single-Open-Load-Thru calibrated HP 8722ES network 
analyzer. Results are presented Fig. 8. Return loss is respectively better than -11 dB 
and -13 dB for 90 and 180 degree phase shift sections. Insertion loss is around 
90°/dB for both sections. 95.3 and 173.5 degree phase shifts have also been 
respectively measured at 20 GHz for the 6-cell and 12-cell phase shifters. 

 

 
 

Fig. 7. Photograph of the 90 degree phase shift section. 
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Fig. 8. Measured return loss, insertion loss and phase shift at 
off- and on- states for 90 and 180 degree phase shifters. 

 
7. CONCLUSION 
Low-loss DMTL phase shifters based on miniature RF MEMS capacitors 

have been designed and fabricated. Return loss better than -13 dB and - 11 dB has 
been measured for two 90 and 180 degree sections respectively. Insertion loss 
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better than 90 degrees per dB has also been measured. These phase shifters can 
change the phase velocity in 1.2 μs applying a 40 V bias voltage. This work 
demonstrates the feasibility in fabricating lowloss and fast reconfigurable devices 
using miniature RF MEMS switched capacitors. 
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Abstract. In this paper, a 0º/180º phase switch structure for pseudo-correlation 
radiometers in space missions is proposed. The structure is composed by two networks 
with same circuit parameters except the transmission phase, shifted by 180º. Switching 
between networks is performed using Single-Pole-Double-Throw (SPDT) switches 
based on capacitive-anchored MEMS developed for this purpose in a joint collaboration 
project between UPC, URV and LAAS-CNRS and fabricated in LAAS-CNRS. The 
SPDT exhibits isolation better than 30 dB at the design frequency (24 GHz) 

 
 

1. INTRODUCTION 
Pseudo-correlation radiometers for mm-wave space applications require 

switching between two phase states (0º and 180º) at a given rate (some hundreds of 
Hz to few KHz). So far this has been done using HEMT or PIN diode switches. 

A wideband 180º phase shifter has been proposed in [1]. It consists of 
switching between two networks that are equivalent for all frequencies except in 
that the transmission phase difference between the two circuits is exactly 180º. In 
this topology two SPDT (Single-Pole-Double-Throw), one at the input and the 
other at the output,are used in order to select between the two networks. TheSPDT 
switching element is implemented with solid-state device technology (FET). 

This paper proposes the integration of MEMS switches in a Single-Pole 
Double-Throw (SPDT) structure to be used in a K-band 0º/180º phase switch for 
the above application. MEMS-based SPDTs feature low power consumption, are 
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compact and do not require a matching network, as demonstrated in [2-4]. Here, an 
important issue is the MEMS switching speed, which is addressed in the MEMS 
switch mechanical design in order to have a mechanical resonance frequency well 
above the phase switch switching speed. Finally, since the RF signals in radiometer 
front-ends have small amplitude, no problems concerning RF power handling will 
be experienced in the MEMS device. 

 
2. SINGLE-POLE-DOUBLE-THROW  SWITCH  DESIGN 
A. Phase Switch Topology and SPDT Requirements  

The phase switch topology where the MEMS-based SPDTs are to be 
integrated is shown in Fig. 1. It consists of two networks (a A network and a 
coupled-lines network) that are equivalent for all frequencies with the exception of 
the transmission phase, i.e. the phase shift between the two circuits is exactly 180º 
[1]. The SPDT structure here proposed performs switching between both networks 
with bandpass behaviour. Since the RF lines are DC grounded, no DC voltage can 
be applied to the lines in order to actuate the MEMS switches. Moreover, since all 
the switches are on the same RF path (CPW line), a mechanism to guarantee 
independent actuation is required. Finally, the suspended structures should not be 
large in order to have mechanical resonance frequencies as high as possible. The 
SPDT presented in next subsection has been designed to fulfil the above 
requirements. 
 

 
 

Fig. 1. Structure of the phase switch circuit as proposed in [1],  
in which the signal is routed either to a A network 

or a coupled lines network. 
 

B. Capacitive-Anchored MEMS Design 

Since switching speed is a critical issue, no external electrodes have been 
used [5], which would decrease its mechanical bandwidth. Capacitive MEMS 
switches are used. Since RF lines are DC-grounded, the membranes cannot be 
directly anchored (resistive contact) to the CPW ground planes but a capacitive 
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anchor is used for DC isolation. This method will also guarantee independent 
actuation. For this purpose a new adhesion layer has been introduced to design a 
MIM structure using the available SiNx layer (same as the one used in the 
capacitive contacts). This structure is also used in the bias lines. A schematic view 
of the proposed switch topology and its equivalent model (where losses have been 
neglected) are presented in Fig. 2. 
 

            
 

Fig. 2. Capacitive MEMS switch, with capacitive-anchor to the 
CPW ground planes and its equivalent model. 

 
From the equivalent circuit proposed in Fig. 1 the following resonant 

frequency can be extracted: 
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From (1), the initial dimensions are obtained which will be optimised by 
electromagnetic simulation. Two criteria have been followed to design CP: 

1) to have a small impedance at the working frequency in order to present a 
good short circuit. 

2) to have a small effect on fr. To this end, the area of the anchors has been 
designed large enough to guarantee CP >> Cm. In consequence, at the design 
frequency, fr can be controlled with Cm, identically to resistive-anchored 
capacitive switches. 

The bridge dimensions are properly chosen in order to have a mechanical 
resonance frequency as high as possible. Fig. 3 shows a photograph of the 
proposed capacitive MEMS switch (capacitive-anchored). It can be observed that 
the capacitive anchor extends to the DC polarization pads isolated from the CPW 
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ground plane. Two mask levels are defined in the process for CPW pattern for 
planarization purposes on the MEMS contact area. 
 

 
 

Fig. 3. Photograph of single capacitive MEMS (capacitiveanchored). 
 

Fig. 4 shows a comparison between simulation (EMDS) and measured results 
of single capacitive MEMS (capacitive-anchored). 
 

 
 

Fig. 4. Simulated and measured isolation of single capacitive 
MEMS (capacitive-anchored) (simulated  

and xxx measured). 
 

The measured isolation shows wideband behaviour, better than 30 dB in the 
frequency range 26-36 GHz. The observed deviation of the resonance frequency 
between simulation and measurement results is attributed to the fact that the 
simulated effective capacitive contact area is quite different compared to the real 
contact area, mainly due to metal and dielectric roughness. 

 
C. SPDT Design 

The SPDT is based on two capacitive MEMS switches such as described in 
Subsection II.B, with capacitiveanchor, placed at a F/4 distance from the T plane 
and independently actuated (see Fig. 5). 
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Fig. 5. SPDT principle of operation. 
 

When one of them is actuated (DOWN state) a short circuit to the RF signal 
is presented at a λ/4 distance from the T plane at the design frequency, which 
transforms into an open circuit at the T plane preventing the RF signal to pass 
through (Fig. 5b). Three air-bridges are used in order to prevent CPW odd mode 
propagation. Fig. 6 shows the photograph of the fabricated SPDT based on two 
capacitive MEMS switches with capacitive anchor. 
 

 
 

Fig. 6. Photograph of the fabricated SPDT based on  
capacitive MEMS with capacitive-anchor. 

 
Figure 7 shows simulated (using Agilent ADSMomentum TM) and measured 

SPDT insertion loss and return loss. The SPDT design frequency is 24 GHz. 
Insertion loss are better than 3 dB and return loss are better than 20 dB. Fig. 8 
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shows simulated (using Agilent ADS-MomentumTM) and measured SPDT isolation 
from port 1 to port 2. The measured isolation is better than 30 dB at the design 
frequency. 

The SPDT simulated and measured results validate the MEMS capacitive-
anchor as a successful technique to meet the special 0º/180º phase switch 
requirements for application to pseudo-correlation radiometers. 
 

 
 

Fig. 7. Simulated and measured SPDT insertion loss and  
Return loss. ----- Measured results, simulation. 

 

 
 

Fig. 8. SPDT isolation. ----- Measured results, simulation. 
 

4. CONCLUSIONS 
This paper has shown the design and characterization of capacitive MEMS 

switches with capacitive anchor, integrated in a SPDT for 0º/180º phase switches 
used in mm-wave space pseudo-correlation radiometers. Circuit constraints have 
been assessed during the MEMS switch mechanical design in order to have a 
mechanical resonance frequency well above the phase switch switching frequency. 
A strategy based on switch capacitive-anchor has been described in order to avoid 
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DC short circuit, due to the particular phase switch circuit configuration, and also 
to guarantee independent actuation. The SPDT simulated and measured results 
show a good agreement and behaviour, demonstrating the feasibility and 
potentialities of capacitive MEMS switches with capacitive anchor. 
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Abstract. Micro and nano technology based (sub)systems are increasing in 
complexity both as stand alone components and highly interconnected / integrated 
systems. In essence, micro/nano systems technology is advancing towards the 
realisation of, multi-functional, intelligent devices such as the lab-on-a-chip for 
diagnostics or miniaturised inertial measurement units for aerospace / automotive 
applications. These sub-systems will, in future, become integrated within larger systems 
to form part of an, intelligent, ambient environment populated with sensors, actuators 
and wireless transceivers. In such complex environments, intelligence will be 
distributed and shared via, ad-hoc, wireless networks and data/knowledge will be 
processed in real-time. The essence of such an ambient intelligent environment forms 
the basis of a world of systems of systems. 

 
 

1. Engineering „micro“ Systems 
1.1. What is a System? 

“A system is a construct or collection of different elements that together 
produce results not obtainable by the elements alone. The elements, or parts, can 
include people, hardware, software, facilities, policies, and documents; that is, all 
things required to produce systems-level results. The results include system level 
qualities, properties, characteristics, functions, behaviour and performance. The 
value added by the system as a whole, beyond that contributed independently by 
the parts, is primarily created by the relationship among the parts; that is, how they 
are interconnected (Rechtin, 2000)”. 
 

1.2. Systems Engineering 

Two aspects characterise microsystems, namely; (i) the multi-disciplinary 
nature of the underlying technologies and (ii) the level of integration required to 
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develop multi-functional devices. It is either, or both, of these characteristics which 
place microsystems in a unique position from the perspective of an overall systems 
design and/or its evolution as well as the intended application. Systems 
engineering, as a discipline, addresses all aspects which provide a framework for 
the integration of people, processes, tools and technologies in order to improve the 
management of risk, product configuration and technology insertion. This process 
is equally applicable to the design and commercialisation of microsystems-based 
components as shown in Fig. 1: 
 

 
 

Fig. 1. Systems Engineering – Product Lifecycle. 
 

The diagram illustrates how, given the lifecycle of a product from its 
conceptual stage to its production (and cradle to grave), a number of specific 
design and review steps are pursued in order to mitigate the risks associated with 
novel concepts, technologies and, possibly, new applications. These aspects tend to 
be associated with microsystems as a general rule).  
According to INCOSE (International Council on Systems Engineering), Systems 
Engineering is defined as; “The set of activities which control the overall design, 
implementation and integration of a complex set of interacting components or 
systems in order to meet the needs of users and stakeholders” In essence, systems 
engineering, as a science in its own right, addresses the salient issues associated 
with the development and evolution of complex and interactive technologies, 
namely; 

 Evolving system complexity through change in requirements and/or 
uncertainty; 

 Product evolution, lifecycles and obsolescence: basically, from concept 
through to sustainable maintenance; 
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 Human factors and human interactions: Manmachine integration within the 
ambient, intelligent, environment; 

 Information and data processing, knowledge management and data 
dissemination, exploitation and security; 

 Intelligent autonomy and decision making;  
 Monitoring and diagnostics; leading to self analysis, re-use and 

reconfiguration and, possibly, self-assembly; 
 Modelling, simulation and prototyping. 

 
1.3. Systems of Systems 

The relevance of some (if not all) of these issues has become increasingly 
important to all fields of engineering projects which are characterised by their 
multi-disciplinary technologies and systems such as microsystems. This is 
particularly the case for complex multi-national projects incorporating a diverse set 
of expertise from across the world. The European Union’s frameworks 6 and 7 
Integrated Projects are a case in point. Microsystems, although on a different scale, 
are also tending towards increasing complexity.  

In essence, microsystems technology is advancing towards the realisation of, 
multi-functional, intelligent devices such as the lab-on-a-chip for diagnostics or 
miniaturised inertial measurement units for aerospace / automotive applications. 
These sub-systems will, in future, become integrated within larger systems to form 
part of an, intelligent, ambient environment populated with sensors, actuators and 
wireless transceivers. Intelligence will be distributed and shared via, ad-hoc, 
wireless networks and data/knowledge will be processed in real-time. The 
following diagram in Fig. 2, illustrates, schematically, how the ambient intelligent 
environment forms the basis of a systems of systems.  
 

 

Fig. 2. The ambient 
intelligent system of 
systems. 
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In essence, future components will need to be designed and configured as 
part of a complete system scenario. The integration will be inherent and the 
interface ambient and seamless. 
 

2. ARRRO1  CONSORTIUM  CONCLUSIONS 
♦ RF MEMS have started to enter the market for simple replacement scenarios 
♦ BAW duplexers and filter 
♦ Next: MEMS oscillators for CE and RF MEMS switches for Test equipment 

♦ Higher impact when one leverages MEMS for new reconfigurable architectures 
(performance and integration) 
♦ Soon in base stations (by 2010?) 
♦ Also in cell phones (2010?) 

♦ Mid term/ long term roadmap: RF MEMS benefit of nanotechnologies (CNT) 
and metamaterials 
♦ It is important not to underestimate alternative technologies 
♦ Traditional and emerging component technologies 
♦ Alternative systems or concepts 
 

3. ARRRO  RECOMMENDATIONS  TO  EC  FOR  FP7 
♦ It is vital to secure the commercialisation supply chain for RF MEMS 
♦ Create a pool of MEMS foundries and centres of manufacturing excellence 

with experience and expertise in RF MEMS 
♦ Prescribe the inclusion of a foundry or manufacturing partner within all of 

their funded R&D projects 
♦ Enhanced focus of R&D for RF MEMS in Europe 
♦ Dedicated R&D projects for key challenges: modelling, simulation, reliability 

and packaging 
♦ Narrowing down the number of applications and components (selection could 

be driven by results of RF MEMS Roadmap) 
♦ R&D resource and funding effort should also be focused on a limited number 

of industrial and academic partners 
 

4. IN  CONCLUSION; SYSTEMS  ENGINEERING  DELIVERS 
♦ Improved techniques and technologies for developing integrated systems & 

systems of systems 
♦ Mitigation against emergent properties  
♦ Reducing cost of implementation and operation of complex systems 
 
____________ 
1Applied Research Roadmaps for RF micro/nano systems Opportunities. 
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♦ Designs for evolving systems at acceptable cost 
♦ Reduced cost of system upgrades 
♦ Enables enhanced supply chain integration 
♦ Instils best practices 
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Abstract. Because they have moving parts, or because they need to work in a 
specific atmosphere (vacuum, inert gas…), micro-electromechanical system (MEMS) 
are not compatible with integrated circuit packaging technologies. So, in order to 
accelerate commercialization of RF MEMS devices, the development of packaging 
technologies is one of the most critical issues that should be solved. A process has been 
developed to effectively package RF MEMS switches using a technique called wafer 
level micro encapsulation. This technology is designed to be compatible with high 
performance RF MEMS capacitive switch fabrication. This approach has the potential 
for obtaining lower loss and better performance at high frequencies. The measured 
performances of an encapsulated MEMS device are characterized by a transmission 
loss of 0.4 dB and a return loss below -17 dB. 

 
 

1. INTRODUCTION 
The RF MEMS is a fast developing technology due to the strong demands in 

fields like wireless communication which requires devices and systems 
characterized by lower power consumption, lower losses, higher linearity and a 
higher Q factors than conventional communications components. However, 
packaging represents a large part of the manufacturing cost for these devices.  

As RF MEMS contain fragile movable parts or need to operate in a vacuum 
atmosphere, standard packaging technologies developed for integrated circuits 
cannot be directly used for MEMS devices. The ideal package technology for RF 
MEMS devices should provide environmental protection, should preserve the 
mechanical and electrical performances of the encapsulated device, and should be 
fabricated at low cost. It should also preserve the RF designed functions should 
have reduced parasitic effects and minimizes the package resonance. For 
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reliability- demanding applications the MEMS package should be fabricated at low 
process temperatures (below ~250°C) and may need to be hermetically sealed for 
avoiding stiction of the mobile parts of the packaged devices due to environmental 
factors. 

Two main approaches have been developed for the package of RF MEMS. 
The first one is based on surfacemicromachining processes for creating thin film as 
capping layer [1]. These thin film technologies are based on a sacrificial layer 
which is covering the microstructures during the encapsulating thin film. The 
second technology is based on wafer bonding includes bonding of a cap wafer 
(glass, silicon, or ceramic) with cavity to the host wafer using anodic [2], fusion, 
eutectic [3], and glass frit [4] bonding techniques. Each of these technologies has it 
own characteristics and can be selected according to the desired application for 
optimizing the overall system performance. 

This work reports on a wafer bonding packaging process (silicon direct 
bonding) that is applicable to a wide variety of micro machined structures. Some of 
the advantages of this technology are: 

 

• Extremely small volume cavity 
• Requires only RF MEMS processing 
• Extremely low insertion loss 
• No added parasitics 
• Low temperature process 
• Hermetic seal 
• Strong bond 
• Ease of processing 
• Low cost 
 

2. PACKAGING  FABRICATION 
2.1. Fabrication Processes 

Figure 1 gives a brief description of fabrication process flow for cap wafer. In 
the proposed architecture, a micro machined high resistivity silicon wafer which is 
aligned and bonded on fabricated RF MEMS wafer is used for the package in order 
to reduce the attenuation of the signals. This phase forms a cavity on the cap 
substrate with desired height to cover the active part of MEMS. First of all, 250 Å 
thick chrome is formed on bare wafer as later photolithography mask for the cavity 
and access. Then, access are made by TMAH (Tetramethylammonium hydroxide) 
wet etching process all around the future cavities. Cavities, with a depth of 60 μm 
are also made by TMAH wet etching process to ensure internal space for motion of 
membrane on device wafer. 
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(1) HR-Si 
 

 
 

(2) Chrome Deposition 
 

 
 

(3) Access wet etch 
 

 
 

(4) Cavities wet etch 
Fig. 1. Cap wafer fabrication process flow. 

 
2.2. Bonding Process 

Bonding quality strongly depends on surface conditions. So, oxide layer on 
top surface and contaminations which are introduced in the former procedure 
processes should be removed before bonding process. Oxygen plasma is used as 
surface cleaning method. 

Bonding process is performed in wafer scale and bonding parameters include 
peak temperature, dwell time at peak temperature, applied force etc. 

After cleaning process, a very viscous polymer is spin coated on the cap 
wafer. Cap wafer and device wafer are connected and aligned using this polymer at 
temperatures below 150°C. The bonding process is shown on Fig. 2.  
 

               
Fig. 2. Bonding process flow. 
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Figure 3 presents the image of a packaged MEMS switch integrated on a 
microwave coplanar transmission line after dicing. The cap substrate has an 
internal silicon micro machined cavity 60 μm deep which is incorporating the 
MEMS switch built on quartz substrate. 
 

 
 

Fig. 3. Optical image of the packaged structure  
Containing the MEMS device. 

 
3. DEVICE  PERFORMANCES 
Low insertion loss is one of the major features for RF MEMS. The package 

has been simulated using HFSS EM simulator, with simple coplanar line. This 
structure is shown on Fig. 4. Comparisons between simulations and measurements 
are shown on Fig. 5 for the return loss and Fig. 6 for the insertion loss. It can be 
seen that this package presents about -10 dB return loss from 5 to 30 GHz, with 
straight on the coplanar line. We show that simulations correspond to 
measurements with a good accuracy. 
 

 
 

Fig. 4. HFSS simulated structure of an on-wafer  
packaged coplanar line. 
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As bonded wafer is then diced into pieces of device with dimension of  
1 mm * 1 mm and around 800 μm in height. These diced devices are subjected to a 
series of test of insertion loss measurement for RF characteristics On Fig. 7 are 
presented the typical performances of an encapsulated capacitive switch fabricated 
on a quartz substrate. In the activated, ON state, the transmission loss is better than 
0.4 dB and the return loss is better than -17 dB from 5 to 30 GHz. Results show 
that RF-signal could be well transmitted under acceptable loss. 

 

 

Fig. 5. Return loss simulation 
(green) and measurement (red) 
of an on-wafer packaged 
coplanar line. 

Fig. 6. Transmission loss simulation 
(green) and measurement (red) of an 
on-wafer packaged coplanar line. 

Fig. 7. Measured response of 
RF MEMS switch. 
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4. CONCLUSION 
A low temperature wafer level packaging scheme for RF MEMS switch is 

presented. The measured results showed excellent performances (insertion loss of 
0.4 dB and return moss below -17dB from 5 to 30 GHz) and no parasitic 
resonances up to 30 GHz. 
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Abstract. This paper presents a packaged high-isolation RF-MEMS switch at 
Ka-band. The package consists of a glass cap with a milled cavity to protect the RF-
MEMS. The glass cap, with a low dielectric constant, is bonded to the silicon substrate 
using ultraviolet light curable glue in a room temperature process. The packaging is 
non-hermetic but able to withstand water and dust for a limited time period. The switch 
shows an isolation of -50 dB and an insertion loss of -0.8 dB at 30 GHz. The additional 
loss due to the package was found to be only 0.1 dB. 

Index Terms. Microelectromechanical devices, microwave switch, RF-MEMS, 
packaging. 

 
 

1. INTRODUCTION 
In the last years, numerous advances in the field of RF-MEMS switches have 

been made [1]-[2]. Beside a high isolation and a low insertion loss they can also 
handle moderate temperatures [3]. However, most of the published switches are 
still unpackaged and therefore restricted to operation under lab environment due to 
particles and humidity being present under real conditions. To protect RF-MEMS 
devices efficiently, the corresponding packaging solutions need to be compact in 
the design and add only low RF losses [4]-[5]. Therefore, the use of a packaging 
material with low dielectric constant and low tan δ is preferred. Another imported 
issue concerning any packaging approach is that during encapsulation any change 
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compared to the original performance of the MEMS-device is avoided. In 
particular, it is not tolerable that the process harms the MEMS-device using too 
high or too long temperature loads. The optimum packaging process would 
consequently be applied at room temperature. Also, in terms of integration, it is 
advantageous to have the package on wafer-level. This paper describes a simple 
glass cap packaging process for on wafer level packaging that can be applied to a 
MEMS-device without any temperature load. Furthermore, a very high isolation 
Ka-Band RF-MEMS switch is presented, packaged by the glass cap and 
characterized before and after packaging. 
 

2. GLASS  CAP  PACKAGING 
Basically, the glass cap based packaging is applied to protect MEMS-devices 

e.g. RF-MEMS switches against water, dust etc. during dicing. The package also 
enables an operation of MEMS-devices under real environment conditions for a 
limited time period and simplifies the mounting of them as they can be handled by 
tweezers easily. To demonstrate the feasibility of this packaging approach the glass 
caps are placed only on a selected number of devices. Although this is not a batch 
process on that level, it might be advantageous, as the process is extremely flexible 
and allows MEMS-devices with different designs to be packaged on one chip or 
wafer. 

In contrast to silicon (εr=11.9) as packaging material, a glass cap (εr=4.6) 
exhibits a low dielectric constant and therefore only a negligible influence to the 
RF-behavior [6]. Furthermore, glass is a transparent material that allows an optical 
control of the packaged device. 
 

A. Description of the Glass Cap 

The glass cap consists of a 300 μm thick glass plate diced from a wafer. A cavity 
100 μm in depth is precisely milled into its center to accommodate the RF-MEMS 
switch. Fig. 1 shows a glass cap without a MEMS-device and the corresponding 
sketches. This glass cap was used to package the RF-MEMS switch presented in 
chapter 3. 

     
 

                                     a)                                                                           b) 



Glass Cap Packaged High Isolating Ka-Band 207

 
 

c) 
Fig. 1. Sketch (a), (b) and optical micrograph (c) of the glass cap.  

The darker part in the photograph shows the milled cavity. 
 

The design of the glass caps is extremely flexible, since almost any shape and 
size can be fabricated. It is possible to cover a single chip or even a whole wafer 
with one single glass cap. 
 

B. Packaging Process at Room Temperature 

The whole packaging process is illustrated in Fig. 2. Ultraviolet light curable 
glue is put in a 20 μm deep cavity. Next, the glass cap, guided by a 
micromanipulator, is carefully brought into contact with the glue (1+2). Doing so, 
it is of most importance that no glue flows into the cavity of the glass cap. After the 
cap is placed on the top of a substrate to cover a MEMS-device, the glue is cured 
by the exposure of ultraviolet light at room temperature for two minutes (3). 
 

 
 

Fig. 2. Visualisation of the packaging process in three steps. 
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The packaging is non-hermetic due to the used glue, which consists of non-
hermetic material. It was tested to be waterproof for a limited time period and to 
protect the MEMS-device against dust. The adhesion force of the glue was tested to 
be very strong, as it was not possible to remove the glass cap from the substrate 
once the glue is cured. Due to these properties of the glass cap packaging, it is 
possible to protect MEMS-devices effectively against any impacts arising from the 
dicing or the mounting processes. The properties in terms of RF-performance are 
shown in the next chapter. 
 

3. Ka-BAND RF-MEMS SWITCH 
A. Design of the Switch 

The Ka-Band RF-MEMS switch, presented in this paper was realized using 
the standard low-complexity technology described in [2]. The goal was to obtain an 
even higher isolation behavior than in [7] and to maintain the low insertion loss. In 
order to reach these aims the switch was fabricated on an only 100 μm thick silicon 
substrate, using two cascaded single switches both with 600 μm long cantilevers. 
(Fig. 3a) 
 

             
 

                                 a)                                                                                  b) 
Fig. 3. Optical micrographs of the high isolation RF-MEMS switch without (a) and with  

(b) packaging. The black-coloured parts of the switch element are bent upwards. 
 

The 100 μm thin substrate minimizes the substrate coupling and hence, leads 
to a high isolation without a significant increase of the insertion loss [7]. The 
switch can be actuated by a separate bias pad connected by a carbon line. With a 
resistivity of about 8 kΩ, the carbon line decouples the RF from the DC-actuation 
path effectively, so that the RF is not disturbed by these additional lines. 
 

B. RF-Measurement of the Switch 

The unpackaged switch was characterized on-wafer and Fig. 4 shows the 
simulated and measured S-parameters in the up and down-state. 
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Fig. 4. S-parameter measurement and simulation of the 
unpackaged switch from Fig. 3a in down-state  

(right axis) and up-state (left axis). 
 

The measured data show an insertion loss of -0.8 dB and an isolation of  
-50 dB at 30 GHz. Fig. 5 shows a comparison between the RF-measurement with 
and without packaging. The switch was packaged according to the description 
given in chapter 2 and is illustrated in Fig. 3b. 

 

 
 

 
Fig. 5. S-parameter measurement of switch from Fig. 3 with 
and without packaging in down-state (right axis) and up-state 

(left axis). 
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When comparing both modifications in Fig. 5, a significant impact arising 
from the packaging can not be determined. The insertion loss is increased only 
slightly by 0.1 dB from 26 to 38 GHz. This fits with the expected results, as the 
glass-covered bond frame with a width of about 200 μm is very short compared to 
the wavelength at 40 GHz (2700 μm) and therefore, has a negligible influence on 
the RF-behavior of the switch. As the cavity has an inner height of 100 μm it can 
be assumed that only very few lines of the electrical field are disturbed by the glass 
cap. 
 

4. CONCLUSION 
A simple and very flexible packaging for MEMS-devices has been presented. 

It makes use of glass as a low dielectric material and can be applied at room 
temperatures. Although the packaging is non-hermetic, it exhibited a strong 
adhesion to the substrate and was tested to be waterproof for a limited exposure 
period. Due to these properties it is possible to protect MEMS-devices, such as RF-
MEMS switches, effectively against any impacts arising from the dicing or the 
mounting processes. The influence of the package in terms of RF-losses was tested 
with a very high isolation Ka-Band RF-MEMS switch. This switch was fabricated 
on 100 μm thick substrates to minimize substrate coupling and maximize the 
isolation behavior. The switch showed an isolation of -50 dB and an insertion loss 
of -0.8 dB 30 GHz. The additional loss due to the glass cap was found to be 0.1 dB. 
Due to the high isolation and the moderate insertion loss, the switch is suitable for 
the use in radiometer applications [7]. 
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Abstract. This paper presents design, fabrication and characterization of a 
millimetre-wave λ/4-patch antenna on a benzocyclobutene (BCB) polymer. This 
antenna is compatible with a wafer level packaging for a miniaturized wireless 
communication system. All components of this antenna are manufactured by using a 
gold electroplated and a BCB polymer patterned by a photolithography. The 
implemented antenna size was 3.5 x 3.5 x 0.05 mm

3
. The manufactured patch antenna 

mounted on V-connector was characterized using Agilent network analyzer E8361A for 
a return loss and a range-calibration setup for a radiation pattern. The fabricated 
antenna showed a minimum return loss of 30 dB at 51.75 GHz and - 10 dB impedance 
bandwidth of 5 GHz from 49.5 to 54.5 GHz. The measured gain is - 1.7 dBi and the - 3 
dB beam-width is nearly 50 degree. In addition, the effect of various critical parameters 
of the proposed antenna such as a separation between an RF-feed and a shorting-pin, a 
ground plane size and the height of BCB polymer was investigated.  

 
 

1. INTRODUCTION  
Recently, smaller-size wireless communication systems with their 

performance maintained or enhanced are strongly demanded. For example, 
millimeter-wave band has been interested for wireless personal area network 
(WPAN) applications because it provides a large bandwidth [1]. System-in-
packaging (SIP) with an antenna integrated makes it possible to realize a highly 
integrated transceiver system. Moreover, millimeter-wave frequency has an 
inherent merit on a small antenna because its size is determined by operational 
frequency. There have been a number of reports on antenna at millimeter-wave 
frequencies related to system-on-package (SOP) [2] and antenna-in-package [3].  



S. Seok, N. Rolland, P.-A. Rolland 214

Microstrip antennas [4], planar inverted-F antennas (PIFA) [5] and Yagi-Uda 
antennas [3] were reported as integrated on the package. PIFAs were under much 
attention due to their potential to a compact size and integration with a package. It 
is achieved by short-circuiting its radiating patch to the antenna’s ground plane 
under the patch with a shorting-pin and can resonate at a much smaller antenna size 
for a fixed operating frequency [6]. A variety of dual-band or multiband PIFAs 
suitable for applications in mobile phones have been demonstrated [6]. Antenna-
integrated miniaturized systems have been realized by low temperature co-fired 
ceramic (LTCC) [3] and polymer substrate on a circuit in a monolithically 
integrated fashion [7]. The LTCC process provides mechanically strong, 
hermetically sealed, thermally conductive, chemically inert and dimensionally 
stable structures with high yield [3]. However, it might suffer from the triggering 
of unwanted surface waves due to high dielectric-constant substrate even if it can 
be suppressed by placement of metal strip around the antenna structure [3]. It has 
been also reported that a thick polyimide layer can increase the bandwidth of the 
antenna and improve the radiation efficiency [7].  

In this paper, a quarter-wave patch antenna based on BCB polymer is 
presented at millimeter-wave frequency. In chapter II, antenna design will be 
described using an electromagnetic simulation and the developed fabrication 
process for the designed antenna will be explained in chapter III. In chapter IV and 
V, measurement results and parametric studies will be presented.  
 

2. ANTENNA  DESIGN  
The proposed quarter-wave antenna is shown in Fig. 1. It consists of a 

rectangular patch on a BCB polymer, a ground plane, a shorting-pin and a vertical 
interconnection to a RF-feed line. The shorting-pin is placed at the bottom-center 
of the patch to connect it to the ground plane under the patch. The ground plane is 
introduced to reduce a patch dimension and protect signal processing circuits such 
as MMIC from a backward radiation of the antenna. BCB layer exists under the 
ground plane to isolate the RF-feed from the ground plane. A microstrip line on 
BCB polymer is used as an RF-feed.  

The patch is connected to the ground plane by the shorting-pin and to 
microstrip RF-feed via a hole in the ground plane by a vertical interconnection to 
implement a PIFA configuration. Concerning the BCB polymer as a substrate for 
an antenna, it is chosen due to its low dielectric constant and a compatibility with a 
wafer level packaging technology. A pyrex glass is adopted as a supporting 
substrate for a prototype antenna. High resistive silicon (HRS) [8] and a BCB 
polymer [9] can replace the glass as a wafer level packaging material. The 
proposed antenna on BCB polymer is independent of the packaging materials 
properties because it is completely separated from them. Therefore, the proposed 
antenna can be easily integrated on any package materials reported today.  
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a) Proposed antenna on a glass substrate                             b) Enlarged view of A in Fig. 1a)  
Fig. 1. Concept of the proposed patch antenna. 

 
The resonant frequency of the antenna is determined by the perimeter of the 

patch rather than a length Lp. The approximate expression of the resonant 
frequency fr

 is given by equation (1) at an assumption of an infinite ground plane 
[5].  
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                                          (1) 

 
where c = 3 × 108 m/s, εr is a permittivity of a supporting material, LP is a length of 
patch, and WP is a width of patch. 

The patch size and the dimension of ground plane were optimized using 
HFSS simulation and equation (1). The designed parameters of critical parts are 
summarized in Table 1.  
 

Table 1. Designed antenna parameters  
 

Parameter Value Parameter Value 
Lp 1.7 mm Ws 30 μm 
Wp 1.7 mm HBCB1 30 μm 
Ssw 200 μm HBCB2 20 μm 
Wm 80 μm HBCB3 30 μm 
tmetal 3 μm dm 50 μm 

 
The designed patch was designed to 1.7 mm × 1.7 mm and the ground plane 

was 2.5 mm × 2.5 mm at resonant frequency of 52.75 GHz. The diameters for 
shorting-pin and a vertical interconnection named by dm in Table 1 are fixed to  
50 μm considering a fabrication process limitation. After that, the impedance was 
matched by optimizing the distance between a shorting-pin and a vertical 
interconnection as indicated by Ssw in Fig. 1 (b) and the position of a patch on the 
ground plane. The detailed impedance matching results will be presented in 
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Chapter V. The microstrip width (Wm) was designed to 80 μm in relation to the 
height of BCB polymer. It was reduced to 30 μm from the place where it meets a 
ground plane under the patch to keep a 50 Ω input impedance. The thickness of all 
metallization (tmetal) was designed to 3 μm.  

The calculated radiation patterns at the resonant frequency of 52.75 GHz are 
given in Fig. 2 (a) and (b), which describe the E-plane and H-plane respectively. 
The calculated gain of the designed antenna is 2.87 dBi.  
 

       
 

                       a) E-plane (YZ plane)                                                b) H-plane (XZ plane)  
Fig. 2. Calculated radiation patterns. 

 
The fabrication process is presented in Fig. 3. Basically, the process is based 

on Au electroplating for a patch, a ground plane and a vertical interconnection and 
the BCB polymer multilayer coating as a supporting layer of an antenna.  
 

 
 

(a) Au metallization for a ground of microstrip and BCB1 patterning  
 

 
 

(b) RF-feed microstrip formation on BCB1 patterned at step (a) 
 

 
 

(c) BCB2 patterning with via to an RF-feed  



Millimeter-wave Quarter-Wave Patch Antenna on Benzocyclobutene Polymer 217

 
 

(d) Au metallization on BCB2 for a ground plane 
 

 
 

(e) BCB3 patterning with vias to an RF-feed and a ground plane 
 

 
 

(f) Au metallization on BCB3 for a patch and a vertical interconnection 
 

Fig. 3. Process flow. 
 

The pyrex glass #7740 was chosen as a supporting substrate of the prototype 
antenna for a fabrication. The process flow is described in the following; (a) Ti 
(100 nm)/ Au (100 nm) seed layers were deposited on the glass substrate. AZ9260 
photoresist was patterned for an electroplating mold. Electroplating process was 
performed for a ground of a microstrip. After removal of a seed layer, BCB was 
formed photolithographically on the ground. (b) Microstrip signal line was formed 
on the BCB. (c) The second BCB layer with via to RF-feed was patterned on the 
microstrip processed at step (b). (d) Ground plane with a circular hole was formed 
by a gold electroplating. This hole is for a vertical interconnection to RF-feed. (e) 
The third BCB layer was processed. It has vias to RF-feed as well as a ground 
plane. (f) Ti/Au seed layers were sputtered on the BCB layer. AZ9260 photoresist 
was also used as an electroplating mold. Metallization was done to form a square 
patch as well as a vertical interconnection to RF-feed and a ground plane to 
complete PIFA configuration.  

Fig. 4 shows the fabricated prototype antenna on dice glass wafer.  
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Fig. 4. The fabricated prototype quarter-wave  
antenna on diced glass wafer. 

 

 
 

Fig. 5. Prototype antenna mounted on V-connector. 
 

4. MEASUREMENT  RESULTS  
The manufactured antenna was mounted on V-connector as shown in Fig. 5 

to measure a return loss and a radiation pattern. Return loss was measured from  
47 GHz to 57 GHz by Agilent network analyzer E8361A as shown in Fig. 6. It 
showed a resonant frequency of 51.75 GHz with a return loss of 30 dB. The 
resonant frequency shift from a designed value is due to the discrepancy of the 
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relative permittivity of BCB between a simulation and a fabrication. It has also 
shown a -10 dB impedance bandwidth of 5 GHz from 49.5 GHz to 54.5 GHz.  
 

 
 

Fig. 6. Measured return loss of the prototype  
quarter-wave antenna. 

 
After a reference calibration, the fabricated antenna replaced the reference 

and then the received power was measured at a receiver. Fig. 7 shows the measured 
radiation pattern at 51.75 GHz in the E-plane. The 3 dB beam width is nearly 50 
degrees. The measured gain of the fabricated antenna is -1.7 dBi. This reduced 
antenna gain resulted from the small ground plane, compact antenna dimension.  
 

 
 

Fig. 7. Measured radiation pattern  
of the fabricated prototype antenna at 51.75 GHz  

 
5. CONCLUSIONS  
It is required to develop a small size wireless communication system for a 

near future application, for example, wireless sensor network. For this purpose, the 
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antenna is a critical element to achieve a miniaturized system. PIFA is chosen to 
minimize the antenna size and is achieved by short-circuiting its radiating patch to 
the antenna’s ground plane under the patch with a shorting-pin. The dimension and 
geometry of the antenna were optimized to achieve a better impedance matching, a 
high gain and high radiation efficiency at millimeter-wave frequency. The 
fabrication process was developed by using an electroplating for electrical signal 
lines including a patch, a vertical interconnection, a ground plane and a BCB 
process for a dielectric layer formation. The fabricated antenna was verified to 
have desired performance for the application. In addition, as the antenna uses a 
BCB polymer as a supporting layer, it can be easily fabricated and transferred for 
integration to any packaging material for sensor systems and system-In-packaging 
(SIP). Therefore, the developed antenna will be one of solutions for a miniaturized 
sensor system for wireless sensor network.  
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Abstract. The high performance and small size demands in the actual 
communication systems terminals, requires that the devices which conform them 
accomplish these features. Acoustical structures based on Bulk Acoustic Wave (BAW) 
resonators meets the demanded requirements. However, the electrical behavior of the 
BAW resonators presents some no desired effects due to lateral spurious resonances. In 
order to improve the electrical behavior, the thickened edge load solution is applied to 
the resonator, making the lateral spurious resonances being not generated. The 
improvement in the acoustical resonator can be translate to the acoustical structures 
based on them. A Stacked Crystal Filter based in the improved resonators has been 
simulated showing a very good transmission response compared with a SCF based on 
conventional BAW resonators. 

 
 

1. INTRODUCTION 
The development of mobile communication systems continues towards very 

small size and high performance handheld units. This development leads us to 
increase the requirements in these units and ask for a miniaturization of the 
components. With this purpose, the RF filters based on Surface Acoustic Wave 
(SAW) devices are being replaced for filters based on Bulk Acoustic Wave (BAW) 
resonators. This kind of resonators presents some advantages in front of SAW 
resonators: the working frequency range is up to 20 GHz, large signal handling 
capability (up to 4W), the size reduction and the compatibility with the standard 
Integrated Circuit (IC) technology [1]. 

The BAW resonator consists in a piezoelectric slab sandwiched between two 
metal electrodes. When a certain voltage is applied to the top electrode, a 
longitudinal electrical field is excited between both electrodes. At this point, due to 
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the properties of the piezoelectric materials, an acoustic wave is generated in the 
thickness direction. In Fig. 1 the schematic geometry of the BAW resonator is 
shown. The electrical behavior of the BAW resonator can be characterized with the 
electrical input impedance. The electrical impedance of the resonator is shown in 
Fig. 1 where two important frequencies are found: the resonance frequency, fr, 
when the magnitude of the electrical impedance trends to zero, and the mechanical 
or anti-resonance frequency, fa, when the magnitude of the electrical impedance 
trends to infinite.  

 

 
 

Fig. 1. BAW resonator scheme and its electrical input impedance response. 
 

The electrical response of the resonator can be modelled by means of Mason 
model [2], which comes from the analysis of the propagation of the acoustic wave 
in the thickness direction of the resonator. However, there are also lateral modes 
which generates spurious resonances and no desired effects in the electrical 
behavior of the BAW resonator. This modes only can be taken into account by 
means of a 3D simulation of the structure. The main spurious resonances are 
generated at the interface between the electrode and the piezoelectric and some 
techniques have been developed in order to eliminate them, or even to do not 
generate them. One of this techniques consists in apodize the top electrode in order 
to attenuate the spurious resonance [3]-[4]. However, using this technique, the 
complete suppression of the spurious modes is not achieved. Another technique is 
proposed in [5]- [6] where a thickened edge load is added to the top electrode. In 
this case, the spurious mode is not generated due to the propagation condition in 
the structure.  

First, a brief review of the thickened edge load solution applied to BAW 
resonators will be exposed. After this, it is well known that the metal electrodes 
generates a mass loading effect in BAW resonators. However, when the thickened 
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edge load solution is applied, the effect of the electrodes is not the same since the 
thickness of the electrode is not the same in the whole surface. By means of Mason 
model this effect will be discussed. Finally, a 3D simulation of an acoustical 
structure based on BAW resonators is done. In this work, a Stacked Crystal Filter 
(SCF) using the improved BAW resonators has been simulated and compared 
against a SCF based on conventional BAW resonators. It will be shown how the 
transmission response can be improved significantly. 

 
2. THICKENED  EDGE  LOAD  SOLUTION 
The most common way to simulate the electrical response of a BAW 

resonator is by means of the Mason model. It has been discussed that this model 
only takes into account the longitudinal propagation of the acoustical wave because 
the lateral dimensions of the structure are considered infinite. If the geometry of the 
structure is finite in its lateral dimensions, the called Lamb waves are generated 
along the structure. Lamb waves are acoustic waves propagating along a finite 
plate, with the particularity of being dispersive for a certain ratio between the 
thickness and the lateral dimensions of the structure [7]. The basic scheme of the 
thickened edge load solution is shown in Fig. 2, where a certain perimetric ring, 
that is the thickened edge load, has been added to the top electrode. In the region 
where the thickened edge is applied, the total thickness of the structure is greater, 
forcing an antiresonance frequency lower than the one in the active area. As it will 
be discussed in this section, in this region, due to the propagation conditions, the 
lateral acoustic wave will be exponentially attenuated, avoiding the generation of 
lateral resonances in the top electrode.  

In order to analyze the origin of the spurious lateral modes, the propagation 
of the lateral Lamb waves must be studied, taking into account the boundary 
conditions: zero stress at the top and bottom surface of the resonator [5], 
 

0=
∂
∂

z
uj zω                                                       (1) 

 
For simplicity, only the x- and z-direction propagation solution are 

considered. The boundary conditions take us to have the condition for the wave 
number: 22

zx kkk += . The wave number may be real, leading the propagation of 
the acoustic wave; it may be imaginary, generating an exponentially attenuating 
acoustic wave; or it may have a real and imaginary part, condition for a attenuating 
sinusoidal acoustic wave. The x-z plane of a BAW resonator with the thickened 
edge load solution is shown in Fig. 3. There are five different regions, however, 
due to the symmetry of the structure, we can state that region 1 and 5, and region 2 
and 4 are equal. The distribution of the mechanical displacement at each region can 
be expressed as,  
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( ) jkxjkx BeAex += −Ψ                                           (2) 
 

At the interfaces between regions, the mechanical displacement must be 
continuous and the stress must be equal on both sides of the interface. This 
boundary conditions can written as, 
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where Ψr is the mechanical displacement and Wr is the width of the region r. In the 
active area, which is region 3, a flat mechanical displacement distribution is desired 
because just this mode will couple with the electrical field, achieving a spurious 
free resonator. 

 
 

Fig. 2. BAW resonator geometry using the thickened edge load solution. 
 

 
 

Fig. 3. BAW resonator scheme and its electrical input impedance response. 
 

This mode is achieved when the derivative of Ψ at the region is zero, that 
is,∇Ψ = 0. If we apply this condition to the previous development, the relation 
between the width of the thickened edge load and the wave number at region 1 and 
2 is obtained [5], 
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where k1 = jK1 is the wave number at region 1, being K1 a real number, and k2 is 
the wave number at region 2. 

Since the thickness of the structure determines the antiresonance frequency, 
we can state that the cut-off frequency at each region of the structure will be 
different. If the Poisson's ration of the metal electrode is above 1/3, the dispersion 
is type I, while if the ratio is below 1/3, the type is II [5]. In this work, we will 
work with Aluminum electrode with a Poisson's ratio equal to 0.362, dispersion 
type I. The active area of the resonator will fix the operating frequency equal to the 
cut-off frequency at region 3. Due to the dispersion type, the cut-off frequency at 
region 2 must be lower in order to have a real wave number at this region, that is, 
an exponentially decaying acoustic wave. In order to achieve a lower frequency, a 
higher thickness is needed. The wave number can be related with the dispersion 
type by means of the dispersion relation, 
 
 

( )2
c

2
rr ωωαk −=                                              (5) 

 
 

where α determines the dispersion type and has a value of 10-8, and ωr and ωc are 
the cut-off frequency of each region and the operating frequency in the active area. 
Taking into account the relation in (5) we can state that k3 will be equal to 0, 
characteristic of the piston mode. In Fig. 2, the basic scheme of the geometry for a 
BAW resonator with the thickened edge load solution is shown. 
The electrical impedance for a conventional BAW resonator is shown in  
Fig. 4 compared against a thickened edge loaded BAW resonator using 1D and 3D 
simulations. It can be seen that the three curves agree perfectly in terms of 
resonance and anti-resonance frequency. For the 3D simulations, mechanical losses 
related with a damping ratio of 0.1% have been included in the piezoelectric 
material, that is why the quality factor in the electrical response has decreased with 
respect the 1D lossless simulation. The 3D simulation of the resonator shows a 
spurious response with origin at the interface between the electrode and the 
piezoelectric slab. This effect can be observed in Fig. 5, where the X- and Z-
mechanical displacement distribution is shown, and both have the maximum 
amplitude at the interface between the electrode and the piezoelectric medium. The 
thickened edge load solution makes this spurious being not generated as it can be 
seen in Fig. 4. 
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Fig. 4. Electrical response comparison for a 1D BAW resonator simulation, 
3D simulation and 3D simulation applying the thickened edge load solution. 

 
3. MASS  LOADING  EFFECT  USING  THE   
    THICKENED  EDGE  LOAD  SOLUTION 

The mass loading effect are all that effects associated to the deposition of 
metal electrodes on a piezoelectric slab. The effects can be observed related to 
some parameters that characterize the electrical and mechanical behavior of the 
structure. The mass loading affects to the stress in the structure due to the 
difference between the elastic parameters of electrodes and piezoelectric materials; 
affects to the energy trapping since regions with different cut-off are created; 
affects to the resonance and anti-resonance frequency since the total thickness of 
the structure becomes greater and the main effect can be observed in the 
electromechanical coupling coefficient k2

t [8]. This parameter quantifies the 
property of the piezoelectric material in convert mechanical energy into electrical 
and viceversa and it is inherent to the piezoelectric material. At the same time, the 
frequency difference between the resonance and anti-resonance frequency is given 
by this parameter, when the electrodes are taken into account, k2

t becomes k2
eff, 

since not only depends on the piezoelectric material. 
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Since the electrodes have a different acoustic impedance, depending on the ratio 
between the thickness of the electrodes and piezoelectric, the value of k2

eff will 
modify its value. Many works have studied the effect of the electrodes in the 
electrical response of the resonator. In [9], taking advantage of the symmetry of a 
BAW resonator in the thickness direction, the transcendental equations for the 
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resonance and anti-resonance conditions can be obtained. Using the expression in 
(6), the dependence between k2

eff and the thickness ratio is shown in Fig. 6. 
 

        
 

                                    a)                                                                                    b) 
Fig. 5. (a) X-Mechanical displacement distribution.  

(b) Z-Mechanical displacement distribution. 
 

 
 

Fig. 6. Effective electromechanical coupling constant as a function of the 
thickness ratio for Zinc Oxide Piezoelectric material. 

 

 
 

Fig. 7. Effective electromechanical coupling constant as a function of N. 
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The curve shown in Fig. 6 has been obtained considering the same thickness 
in all the surface of the electrode. However, applying the thickened edge load 
solution, the thickness is not the same in the whole surface of the top electrode. 
From the expression for the width of the region 2 (4), periodical solutions for W2 
exists for different values of N. As we take greater values of N, the width of the 
region 2 will be wider. 

This situation take us to think that an effective thickness of the electrode must 
be considered instead of the thickness of the active area. At this point, if the ratio of 
the structure is the one for the optimum value of k2

eff , and we include the thickness 
edge load solution, as we increase the value of W2, k2

eff will be degrade. This 
situation is seen in Fig.7 where the dependence of the k2

eff with the N-solution of 
(4) is shown. It is very important then, tho choose the N-solution to have the 
narrower thickened edge load implementable with the actual fabrication processes. 
 

 
 

Fig. 8. Basic scheme of a SCF structure and its electrical equivalent circuit. 
 

4. STACKED  CRYSTAL  FILTER  SIMULATION 
In the previous sections, the thickened edge load solution has been applied to 

a BAW resonator, improving its electrical behavior. In this section, we are going to 
take advantage of these resonators using them in a Stacked Crystal Filter (SCF). In 
this way, a 3D simulation of the SCF based on improved resonators has been done 
and compared against a SCF based on conventional resonators achieving some 
improvements in the transmission response. 

A single SCF section structure consists in two BAW resonators coupled 
acoustically as it is shown in Fig. 8, where the central electrodes on both resonators 
are grounded. When a certain voltage is applied to the top electrode of one of the 
BAW resonators, an electric field is generated between the electrodes. This electric 
field, will generate a mechanical field in the structure which, due to the continuity 
condition of the structure, is propagated to the next resonator. The mechanical field 
will be transformed into electrical energy again in the second resonator. The 
relation between the voltage in the first and second resonator will determine the 
transmission response of the structure.  

The SCF structure that has been simulated consists on two improved 
resonators. Zinc Oxide (ZnO) has been used as the piezoelectric material and 
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Aluminum (Al) for the electrodes. A damping ratio of 0.1% has been applied to the 
piezoelectric material to simulate losses in the structure. The thickness of the 
piezoelectric slab is 1.06 μm and the electrodes thickness is 200 nm. The area of 
the bottom electrode and piezoelectric slab is 120 μm × 120 μm, while the active 
area, defined with the top electrode, is 100 μm × 100 μm. In this case, only the 
thickened edge load has included on the top electrode. Since the bottom electrode 
has the same area of the piezoelectric slab, there is no spurious resonances due to 
the medium change at the interface electrode - piezoelectric. The thickness of the 
thickened edge load has been set to 400 nm (giving a electrode thickness in this 
region of 600 nm) and using (4) the width has been set to 1.03 μm for N = 1. In the 
case of N = 0, the result of the width is 690 nm, which can origin some problem in 
the fabrication process. 

Fig. 9 shows the transmission response for a SCF based on conventional 
BAW resonators (dashed line) and based in a thickened edge loaded BAW 
resonators (solid line). These solutions have been obtained by means of a 3D 
simulation using the commercial software ANSYS. It can be seen how the spurious 
resonances of the conventional BAW resonators affect to the transmission response 
causing a big ripple and even, some strong resonances close to the pass band. The 
mechanical displacement is shown in Fig. 9, and it can be seen how the origin of 
this spurious resonances is in the interface piezoelectric - electrode. In the case of 
using improved BAW resonators, this spurious resonances disappears leading a 
better transmission response. 
 

 
 

Fig. 9. Transmission response for a SCF based on improved BAW resonators 
(solid) and SCF based on conventional BAW resonators (dashed). 

 
5. CONCLUSION 
BAW resonators presents spurious resonances in the electrical behavior due 

to lateral waves at the interface piezoelectric - electrode. By means of the thickened 
edge load solution, the lateral spurious resonances can be not generated. Although 
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the electrical behavior is improved with this solution, the effective 
electromechanical coupling can be degrade due to the mass loading effects. 
Choosing the optimum dimensions for the thickened edge load, a SCF filter based 
on these resonators has been simulated and compared against a SCF based on 
conventional BAW resonators, giving an free spurious transmission response. 
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Abstract. This work presents a novel duplexer for WCDMA handset 
applications based on stacked crystal filters. The use of this type of filters, instead of 
conventional ladder-type filters, allows to fulfil WCDMA requirements using lower 
order filters. The matching network of the proposed duplexer is composed of two single 
bulk acoustic wave resonators, instead of the quarterwave transmission line usually 
used in conventional duplexers based on ladder-type filters which enlarges the device. 

 
 

1. INTRODUCTION 
During the last years, the demand for duplexers with small size, light weight 

and high performance for modern cellular handsets that require simultaneous 
transmission and reception has increased significantly [1]–[3]. Duplexers that are 
available in the market today are mainly based on ceramic and surface acoustic 
wave filters. However, duplexers based on bulk acoustic wave (BAW) technology 
are determined to replace these duplexers since they have now evolved to offer 
better performance [4]–[7]. 

The guardband specification for a PCS duplexer demands that the transmitter 
(Tx) and receiver (Rx) filters have an extremely sharp roll-off [1], [2]. For that 
reason, ladder-type filters are the most used among the different BAW filter 
configurations [6]. These filters have sharp roll-off but poor stopband rejection [8]. 
This rejection can be improved by adding more resonators, and thus increasing the 
filter size.  

However, the guardband specification for a WCDMA duplexer is not so 
stringent since this is about 6 times higher, while the bandwidth assigned to the 
transmitting and receiving signals is the same (about 3% of the carrier frequency) 
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[9]. Therefore, for WCDMA duplexers, filters with high stopband rejection, such 
as stacked crystal filters (SCFs) [10], are more suitable than filters with extremely 
sharp roll-off, such as ladder-type filters, because these allow to fulfil 
specifications with lower number of resonators, and thus with smaller size.  

This paper presents a novel duplexer for WCDMA handset applications 
based on stacked crystal filters. The matching network of the proposed duplexer is 
composed of two single BAW resonators, instead of the quarter-wave transmission 
line usually used in conventional duplexers based on laddertype filters which 
enlarges the device [1]–[3]. The designed duplexer has been simulated and 
optimized by using a physical simulator, based on the well-known Mason model 
[11], implemented in a commercial microwave design simulator (Advanced Design 
System). 
 

2. ESSENTIAL THEORY ABOUT ACOUSTIC RESONATORS 
A. BAW Resonator 

A BAW resonator resembles a parallel plate capacitor having piezoelectric 
material for the dielectric sandwiched between two metal electrodes (Fig. 1a) [5]–
[7]. Assuming that spurious modes and other lateral acoustic effects can be 
spurned, the resonator response can be obtained from physical dimensions and 
material properties by using the well-known Mason model [5], [11], [12]. 

Fig. 1b shows the typical lossless electrical impedance Z(w) of a BAW 
resonator as a function of frequency. This exhibits two close resonant frequencies: 
fa where the electrical impedance approaches infinity, and fr where the electrical 
impedance approaches zero. Between these resonant frequencies, Z(w) has an 
inductive behaviour, while a static capacitive behaviour is found outside of this 
band. 

The resonant frequency fa corresponds to the mechanical resonant frequency 
of the longitudinal acoustic standing wave generated when an electric field is 
applied between the electrodes. This is mainly determined by the piezoelectric 
thickness tp, but also by the electrode thickness te [7]. In a first approach, without 
taking electrode thickness into account, the resonant condition is established when 
the piezoelectric thickness corresponds to a half acoustic wavelength. When 
electrodes are taken into account, the piezoelectric thickness is lower. In such a 
case, tp and te can be determined using, for example, the Mason model to obtain the 
desired fa value. 
 

B. Stacked Crystal Resonator 

A Stacked crystal resonator (SCR) consists of two BAW resonators tightly 
coupled acoustically, separated only by a common ground electrode, as shown in 
Fig. 2a [10], [12]. In principle, the two BAW resonators that form the 
stackedcrystal resonator could be different. However, we will assume that both 
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have the same area A, the same piezoelectricthickness tp, and that both the input 
/output electrodes and the common ground electrode have the same thickness te. 
Fig. 2b shows the typical lossless one-pole transmission response of a stacked 
crystal resonator. Similar to the previous case, the response of this type of 
resonators can be obtained from physical dimensions and material properties by 
using the Mason model, assuming that spurious modes and other lateral acoustic 
effects can be spurned. 

    
 

                                        a)                                                                         b) 
Fig. 1. BAW resonator: (a) Cross section. (b) Lossless electrical impedance 

as a function of frequency. Y-axis in logarithmic scale. 
 

    
 

                             a)                                                                                       b) 
Fig. 2. Stacked crystal resonator: (a) Cross section. (b) Lossless transmission 

response as a function of frequency. 
 

3. DUPLEXER  DESIGN 
The design of a duplexer entails in designing both the Tx and Rx filters, and 

the matching network that connects the filters to the antenna. The next sections 
deal with the design of each part. 

 
A. Tx and Rx Filters 

As explained in the introduction, Tx and Rx filters are based on stacked 
crystal filters. It is important to point out that each designed filter is only an 2nd-
order filter, and they have been designed with Chebyshev response (passband 
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ripple 3 dB) using the work reported in [12]. Each filter is composed of two 
identical stacked crystal resonators and three inductors, as shown in Fig. 3. While 
the two series inductors Le control the electrical coupling between the resonators 
and the input/output ports, the shunt inductor Lc controls the electrical coupling 
between the resonators. 

Table 1 shows the design parameters for each stacked crystal filter (Tx filter: 
1920-1980 MHz, Rx filter: 2110-2170 MHz) assuming that aluminium nitride 
(AlN) is used as piezoelectric material: Z0 = 3.7×107 Ns/m3, εr = 10.5, e = 1.5 C/m2 
and v = 11500 m/s, and thin film molybdenum (Mo) electrodes are used: Z0 =  
6.56 × 107 Ns/m3 and v = 6408 m/s, where e is the piezoelectricity constant, εr the 
relative permittivity, Z0 the characteristic acoustic impedance, and v the acoustic 
wave velocity. 

 
 

Fig. 3. Schematic illustration of a stacked crystal filter with 2nd-order 
chebyshev response. The filter is composed of two identical stacked  

crystal resonators and three inductors that control the  
different electrical couplings. 

 
Table 1. Design parameters of Tx and Rx stacked crystal filters 

 

 Tx Filter Rx Filter 
te (μm) 
tp (μm) 
A (μm) 

0.1 
2.48 

335×335 

0.1 
2.22 

322.8×322.8 
Le (nH) 
Lc (nH) 

1.76 
1.70 

1.46 
1.55 

 
Figure 4 shows the lossless transmission response of the designed filters, 

along with the theoretical Chebyshev responses. For frequencies close to the 
passband of each filter, the agreement between both responses is excellent. 
 

B. Matching Network 

The aim of the matching network is to connect the Tx and Rx filters to the 
same antenna ensuring good Tx/Rx isolation. In duplexers based on ladder-type 
filters, the matching network is usually composed of one quarter-wave 
transmission line which enlarges the duplexer. In our approach, we connect the 
filters to the antenna as shown in Fig. 5. The matching network is only composed 
of two single BAW resonators. For the BAW resonator placed in the Tx branch, tp 
and te have been designed so that fa = 2140 MHz (high impedance at the center 
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frequency of the Rx band), while the area A has been chosen to ensure enough high 
impedance over the Rx band. In a similar way, for the resonator placed in the Rx 
branch, tp and te have been designed so that fa = 1950 MHz (high impedance at the 
center frequency of the Tx band), while the area A has been chosen to ensure 
enough high impedance over the Tx band. Table 2 shows the design parameters (A, 
tp and te) for each BAW resonator, assuming that AlN is used as piezoelectric 
material, and thin film Mo electrodes are used. 

It is important to take into account that the introduction of a BAW resonator 
in each branch modifies the transmission response of the corresponding filter, 
especially the passband. In order to compensate the effect produced by each BAW 
resonator at the passband of the corresponding filter, the first series inductor of 
each filter must be modified (Lm

e), as shown in Fig. 5. Table II also shows the new 
value for the first series inductor Lm

e of each filter. 
 

 
 

 
 

4. PREDICTED  PERFORMANCE  AND  DISCUSSION 
Fig. 6 shows the simulated Tx/antenna and Rx/antena response together with 

the Tx and Rx return loss of the designed duplexer, while Fig. 7 shows the Tx/Rx 
isolation. These figures show that the insertion loss is lower than 2 dB and the 

Fig. 4. Lossless transmission response 
of the designed Tx and Rx stacked 
crystal filters (continuous line), along 
with the theoretical response of the 
2nd-order Chebyshev type filters 
(dashed line). 

Fig. 5. Topology of the 
proposed duplexer. 
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isolation is higher than 60 dB in both bands. As expected the return loss in both 
bands is about 3 dB. These figures have been obtained by using the Mason model, 
assuming that the quality factor of both the BAW resonators and the stacked crystal 
resonators is 1000 [13], while the quality factor of each of the three inductors is 32 
[14]. The losses introduced by the inductors can be reduced by using extremely 
thick metal layers in combination with very thick insulation layers underneath the 
inductor. High quality factors ranging from 30 to 80 at 2 GHz for inductor values 
ranging from 1.5 nH to 20 nH can be obtained [14], [15]. For example, by using 
inductors with a quality factor of 60, the insertion loss is reduced in 0.5 dB. 
 

Table 2. Matching network design parameters 
 

 Tx Branch Rx Branch 
te (μm) 
tp (μm) 
A (μm) 

0.1 
2.07 

95×95 

0.1 
2.33 

100×100 
Lm

e (nH) 13 18.8 
 

 
 

 

Fig. 6. Simulated Tx/antena 
(continuous line) and Rx/antenna 
(dashed line) response together 
with Tx return loss (dotted line) 
and Rx return loss  (dash-dot line) 
of the designed duplexer. 

Fig. 7. Simulated Tx/Rx isolation 
of the designed duplexer. 
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5. CONCLUSION 
In this paper a novel WCDMA duplexer based on stacked crystal filters has 

been presented. The use of stacked crystal filters allows to fulfil WCDMA 
requirements with a simpler configuration than using conventional ladder-type 
filters since lower order filters are required. The matching network of the proposed 
duplexer is composed of two single BAW resonators, instead of the quarter-wave 
transmission line usually used in conventional duplexers based on ladder-type 
filters which enlarges the device. 
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Abstract. In a Coupled Resonator Filter (CRF) a set of passive layers allow 
partial coupling between its two resonators. This allows for much wider bandwidth 
filter responses than its predecessor, the Stacked Crystal Filter (SCF). This work 
presents an all-electrical model for the Coupled Resonator Filter and associates the 
acoustical coupling with an electrical impedance inverter between resonators. The 
resulting equivalent circuit makes it possible to directly apply classical filter synthesis 
techniques based on the coupling control between resonators. 

 
 

1. INTRODUCTION 
In recent years, Bulk Acoustic Wave (BAW) filters have been consolidating 

in the high frequency RF filter scenario. They present several advantages over 
other technologies as Surface Acoustic Wave (SAW) or ceramic filters: ability to 
handle input power in excess of 4 Watts, the high Quality factor inherent in these 
structures (over 1000), high frequency operation (up to 20 GHz), resistance to 
Electrical Static Discharge (ESD), compatible with semiconductor technology, 
high miniaturization and temperature stability [1].  

Stacked Crystal Filters (SCF) and Coupled Resonator Filters (CRF) are BAW 
filters which have their piezoelectric resonators coupled acoustically as shown in 
Fig. 1. Structurally a Stacked Crystal Filter is made up of two thin plates of 
piezoelectric material separated by one grounded metallic electrode [2]. This 
electrode shields the electric field between the two piezoelectric plates and, in turn, 
enables acoustic wave propagation. The structure is usually suspended on either an 
acoustic reflector or a thin supporting membrane layer over air, to confine the 
acoustic wave in the structure, avoiding leakage to the substrate. Depending on the 
materials of the structure and its dimensions, only at the mechanical resonance 
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frequency, acoustic energy will be transferred from input to output which will 
constitute the pass band. In the SCF case, the two stacked resonators behave as 
only one resonator introducing a single pole in the transmission response. To 
achieve two poles on the transmission, a set of passive layers can be introduced 
between the two resonators enabling the control of the coupling between resonators 
and composing the CRF [3]. Then, wider bandwidths can be achieved.  

In [4], Lakin proposes a model for the SCF starting from the Mason lumped 
element transmission line model and extends it into an all-electrical equivalent 
circuit PI network representation. This model is highly useful for application using 
standard filter synthesis techniques. This work extends the contribution of the SCF 
proposing a novel electrical model for the Coupled Resonator Filter and uses it to 
design a GPS RF filter with Chebyshev response. 
 

     
 

                                            a)                                                                            b) 
Fig. 1. Basic acoustically coupled BAW filter structures: (a) Stacked  

Crystal Filter, and (b) Coupled Resonator Filter. 
 

2. EQUIVALENT  CIRCUIT  MODELING  OF  
     COUPLED  RESONATOR  FILTER 
A. Definitions and Network Transformations 

Considering a one-dimensional pure mode piezoelectric plate, the Mason 
model combines, in a simultaneous way, the device’s performance in the electrical 
and the acoustical field [5], [6]. On the one hand, the acoustic wave propagation 
through the material slab is modeled by an acoustic transmission line between the 
acoustic ports; the distributed model will be represented by an equivalent lumped 
element representation in the form of T of impedances as shown in Fig. 2. The 
values of the impedances are: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2
tan θZjZ p1                                                   (1) 

 

Z2 = -jZp cosec (θ)                                                  (2) 
 



Bulk Acoustic Wave CRF Design 241

Where θ = kd is the electrical length, k is the acoustic wave propagation 
constant and d is the thickness of the piezoelectric plate given by (3), here 
neglecting the mass loading effect due to the electrode thickness only for the sake 
of simplicity: 

a

p

f
υ

d
2

=                                                         (3) 

Where vp is the acoustic wave propagation velocity of the piezoelectric and fa 
is the anti-resonance frequency in which the input electrical impedance of the 
resonator reaches its maximum value. The characteristic impedance of the 
equivalent acoustic transmission line, Zp, is the acoustic impedance, and depends 
on both the area A and the acoustic impedance per unit area of the piezoelectric 
material (Z0p). The piezoelectric effect is included in the model displayed in Fig. 2 
by the impedance transformer, representing the conversion of electric energy to 
acoustic energy, and the negative capacitance [4].  
 

 
 

Fig. 2. Mason model for a single one-dimensional piezoelectric slab. 
 

In turn, the dielectric effect is modeled by the shunt capacitor on input of the 
electric port. The transformer ratio is given by: 
 

0C
ε
et =                                                        (4) 

 

Where e (C/m2) is the piezoelectric constant, is the material dielectric 
permittivity and the value of the static capacitor is given by: 
 

d
AεC0 =                                                       (5) 

 

In order to model the Coupled Resonator Filter of Fig. 1b), in a similar way 
to that used in [4], we start applying the Mason model to each piezoelectric 
resonator and organizing the circuit as shown in Fig. 3a). The input and output 
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ports of the equivalent circuit are the electric ports of each resonator. The two 
resonators are connected to each other by means of one of their respective acoustic 
ports. Unlike an SCF, in a CRF the link takes place by means of the coupling layers 
modeled with an impedance inverter (Kcoupling). The remaining acoustic ports are 
loaded by the acoustic impedances ZL and ZR respectively. Since we assume two 
identical resonators, the technological parameters are the same for both, as well as 
the lumped elements of the model, resulting in a symmetrical topology. In order to 
simplify the network the impedance transformers are shifted to the same node 
circuit, so that the effect of the transformers is mutually cancelled due to 
symmetry. The lumped elements must be modified according to the transformation 
rules caused by the displacement of the transformers. 

Using network analysis techniques with an ABCD matrix cascading scheme 
it can be shown that the network in Fig. 3a) is equivalent to the circuit shown in 
Fig. 3b), where: 

0
2
2

2
1

a Cωjt
Z

t
ZZ 22 −+=                                          (6) 

 

0
2

2
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b Cωj/1t/Z
t/ZZ
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=                                              (7) 

 

 
 

a) 
 

 
 

b) 
 

 
 

c) 
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d) 
Fig. 3. Networks transformation. (a) CRF implemented with the Mason model.  

(b) equivalent circuit using network transformations. (c) equivalent 
circuit after using the approximation of Zb. (d) all electrical  

equivalent model for the CRF. 
 

Now, if we suppose that the device operates in a frequency range around the 
anti-resonance frequency, fa, we can apply an interesting approximation for Zb: 
 

Zb ≅ -2Za                                                                              (8) 
 

Using this approximation the network in Fig. 3b) is equivalent to the more 
compact circuit shown in Fig. 3c). The value of the central inverter, Kinverter, models 
the degree of electrical coupling between resonators, and is directly related to the 
design parameters of the Coupled Resonator Filter structure: the degree of acoustic 
coupling that implements the set of coupling layers and the transformer ratio. 
 

2
coupling

inverter t
K

K
4

=                                               (9) 

 
Finally, the impedance Za /2 presents an equivalent behavior to a series 

inductance-capacitance (LC) resonator near the antiresonance frequency. The 
elements of the LC resonator are determined by the technologic parameters of the 
material and the geometry of the piezoelectric resonator resulting in the all 
electrical equivalent CRF model shown in Fig. 3d). The model has been validated 
operatively at several frequencies, material and structure dimensions. It achieves 
accurate performances in frequency spans up to 50% with regard to the anti-
resonance frequency. The lumped elements of the model correspond to the BVD 
elements of a single resonator. 

 

 
 

a) 
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b) 
Fig. 4. CRF rearranged model (a) and classical passband filter (b). 
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where: 

pr0a
t υεεZ

ek
2
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                                                 (12) 

 
 

3. DESIGN  OF  A  BASIC  CRF  FROM  THE  MODEL 
Once we have the all electrical model of the CRF it is direct to apply classical 

filter theory. Although it is an acoustical device, notice that the model is 
completely comprised of electrical elements. Hence, the problem to solve is how 
the input and output impedance inverters can be incorporated. It is well known that 
an impedance inverter can be constructed by means of a T-configuration of 
capacitors [7]. This lumpedelement configuration is useful when considering that 
the negative elements of the inverter could conveniently be absorbed into adjacent 
elements in practical filters as shown in Fig. 4a). In practice, only the inner 
negative series capacitor is absorbed while the outer negative series capacitor is 
neglected. This quasi-inverter approximation is valid in small bandwidths. Using 
an external series inductor instead of neglecting the outer series negative capacitor, 
the relative filter bandwidth can be increased.  

To obtain the network equivalence we add and remove a series capacitor. The 
capacitor value is the same as the parallel plate shunt capacitor. The negative series 
capacitor joined to the shunt capacitor operates as the impedance inverter. The 
added positive series capacitor is absorbed by the resonator. In Fig. 4a) we have 
rearranged the CRF model to match it with the classical prototype of a passband 
filter shown in Fig. 4b) which fulfills the filter requirements by means of a well-
known set of relations between inverters and resonator elements [7]. 
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Table 1. GPS RF filter specifications 
 

f0 1575.42 MHz 
Bandwidth 10 MHz 

Minimum return 
losses 

10 dB 

Z0 50 Ω 
ZL 50 Ω 

Order 2 
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Where gi is the low-pass prototype immitances, Z0 is the source impedance 

and ZL the load impedance, W is the relative bandwidth and Lsi and Csi are the 
lumped equivalent series resonator elements and Ωc is the normalized cutoff 
frequency. 

Therefore, it is possible to define a two step procedure for the two-pole 
symmetrical structure.  

1) For the resulting series resonators the antiresonant frequency is the same 
as the filter central frequency. 
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2) The input and output inverters are defined by the parallel plate 

capacitance, and hence, the piezoresonator area. 
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It is important to highlight the close relationship between the impedance 
inverters obtained from (13)-(15). 
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30

12
02301

gg
KZKK =

                                    (18) 

 
This means that once the input and output inverters are defined according to 

the area definition of the parallel plate capacitor, the inner inverter, K12, will also be 
determined, or equivalently Kinverter will be known. Finally, this inner electrical 
inverter is translated to the acoustical plane by means of (9), and the set of coupling 
layers can be defined. 
 

4. MODEL  AND  FILTER  DESIGN  VALIDATION 
In order to validate the reported design procedure we are going to show a 

design of a GPS RF filter with Chebyshev response. The filter specifications are 
summarized in Table 1. All the material parameters and electrical elements 
necessary for reproducing the results are summarized in Table 2. Both resonators 
are half-wavelength sections of aluminum nitride (AlN). 

 
Table 2. Equvalent circuit model and mason model elements 

 

Mason Model Equivalent Model 
Symbol Value Units Symbol Value Units 

Z0p (AIN) 3.7×107 Rayls t 0.322 - 
υp (AIN) 11,500 m/s k2

t 5.6% - 
εr (AIN) 10.5 - C0 19.95 pF 
e (AIN) 1.5 C/m2 C 0.96 pF 

d 3.65 μm L 11.09 nH 
A 885×885 μm× μm    

Kcoupling 0.295 - Kinverting 0.711 - 
 

 
 

Fig. 5. Ideal GPS RF filter with Chebyshev response (circle line), all electrical 
equivalent CRF model response (cross line) and device response using the 

Mason model (diamond line). 
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Considering a one-dimensional pure-mode piezoelectric plate, the Mason 
model simultaneously combines the device performance in the electrical and 
acoustical field [5], and is widely considered to be a validation procedure. Fig. 5 
shows the filter transmission response. The ideal filter pass-band prototype 
transmission response (circle line) agrees with the response obtained through the 
Mason model (diamond line) and the proposed equivalent Coupled Resonator Filter 
model (cross line). 

 
5. CONCLUSIONS 
This work has proposed a novel equivalent electrical circuit model to a 

Coupled Resonator Filter. The model has been obtained by means of the Mason 
model for piezoelectric layers and techniques of network analysis with validated 
simplifications. The model has been validated operatively at several frequencies, 
material and structure dimensions. It achieves accurate performances in frequency 
spans up to 50% with regard to the anti-resonance frequency. From the proposed 
model, it is possible to systematize the filter design procedure. Moreover a set of 
closed-form expressions has been provided in a general and systematic procedure 
to design two-pole coupled resonator filters. The methodology enables us to 
determine the filter structure dimensions that can synthesize classical response 
types. 
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1. INTRODUCTION  
Film acoustic bulk resonators (FBARs) have attracted great interest in 

fabrication of RF devices for cellular phones, navigation, satellite communication, 
various forms of data communication like WLAN. These applications require small 
size, high performance and monolithic integration with active electronic devices. 
FBAR technology is compatible with both silicon and GaAs technologies, allowing 
integrating of active and passive microwave components in a single chip.  

Because acoustic waves propagate approximately four to five orders of 
magnitude slower than electromagnetic waves, bulk and surface acoustic wave 
resonators are much smaller than even high permittivity based transmission line 
structures. FBAR technology is able to produce resonators and filters operating up 
to 10 GHz by requiring much reduced areas. For these reasons considerable 
attention has been directed towards microwave acoustic filter development [1].  

Microwave acoustic filter efforts of the last years have been, for both solidly 
mounted and membrane-based bulk acoustic wave (BAW) devices, concentrated 
on the use of piezoelectric thin films of ZnO [2-3] deposited by sputtering 
techniques. These devices exhibit good microwave performances but it is difficult 
to integrate them with other active devices in a compact form. Furthermore, their 
use in diverse applications require more optimization steps in connection with the 
quality and the thickness control of the used piezolayers [4] and the thermal budget 
and contamination aspects should be taken into account when using conventional 
semiconductor device fabrication lines.  



D. Neculoiu, et al, 250

While most BAW and FBAR development effort has been using silicon 
substrates or silicon-based technology some devices have been fabricated on GaAs 
substrates [5]. Recent developments of wide band gap (WBG) semiconductor 
technologies have opened the perspective of manufacturing FBAR devices for 
applications in the GHz frequency range. The most common WBG materials with 
pronounced piezoelectric properties are GaN and AlN. The WBG technologies are 
typical semiconductor technologies offering the compatibility with MEMS 
technologies and the possibility of monolithic or hybrid integration with other 
circuit elements. The sub-micron thickness of the GaN or AlN membrane in FBAR 
devices can increase the operating frequency close to 10 GHz. Such performances 
are important for 4-th generation of mobile phones, which will probably work in 
the 3-6 GHz frequency range. Other important applications are the FBAR based 
sensors with increased sensitivity.  

This paper presents the modeling, manufacturing and experimental 
characterization of nitrides based resonators on high-resistivity (HR) silicon 
substrate for operation frequencies of few GHz. The modeling integrates 
electromagnetic (EM) simulations with acoustic circuital modeling based on 1D 
Mason approach.  

 
2. FABRICATION  
Membrane supported FBAR structures were manufactured using GaN and 

AlN layers deposited on high resistivity silicon. Conventional contact lithography, 
e-gun Ti/Au evaporation and lift-off techniques were used to define top-side 
metallization of the the FBAR structures. Bulk micromachinig techniques were 
used for the release of the AlN and GaN membranes. The bottom side metallization 
of the micromachined structure was obtained by means of sputtered gold. Other 
metallisation systems based on molybdenum deposition were also tested. The 
photo of the chip with FBAR in series and parallel connection is shown in Fig. 1.  

 

 
 

Fig. 1. Photo of the chip with series and parallel FBARs. 
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3. MODELLING  AND  SEASUREMENTS  
Parallel, series and series/parallel connection of FBAR structures were 

fabricated. S-parameter were measured with an “on wafer” Automatic Network 
Analyser and the measurements have shown a pronounced resonance between  
1.5 … 3 GHz, depending on the membrane thickness. In Fig. 2 are shown two 
FBARs in series configuration connected to the ANA probe tips.  

 

 
 

Fig. 2. Photo of two FBARs in series configuration. 
 

Because the structures operate at relative high frequency and the 
metallization thickness is comparable with the piezoelectric membrane thickness, 
an advanced modelling technique was developed. The new approach integrates the 
electromagnetic (EM) simulations (based on Zeland IE3D software package) with 
the 1D circuital acoustic Mason model. The EM model uses the IE3D vertical ports 
feature (ports 3 and 4 in Fig. 3).  

 

 
 

Fig. 3. The layout use for the series FBARs EM model. 
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The Mason equivalent circuit is shown in Fig. 4 and includes the 
metallization layers, the active nitride piezoelectric layer as well as the buffer layer 
(needed for the growth of the GaN on high-resistivity silicon). 

 

 
 

Fig. 4. The 1D Mason model was integrated into advanced  
electromagnetic simulations (Zeland IE3D). 

 
Two characteristic frequencies can be defined for FBAR: series resonant 

frequency fs
 

at maximum conductance and parallel resonant frequency fp
 

at 
maximum resistance [6]. For an AlN based FBAR with the membrane thickness of 
1 μm, the resistance and the conductance of the two FBARs connected in series are 
shown in Fig. 5.  

 

 
 

Fig. 5. The conductance (squares) and resistance (triangles)  
extracted from measurements for the series FBARs. 
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For these data the following values for the characteristic frequencies were 
extracted: fs = 1.933 GHz and fp = 1.953 GHz. The calculated effective coupling 
coefficient is 2.5% and the series quality factor is about 50. These values are for 
two resonators in series connection and include the acoustic and microwave losses 
in substrate and feed lines. The extracted bulk acoustic velocity is 11.500 m/s and 
is in good agreement with other data from literature [7]. Similar results were 
obtained for FBARs based on AlN and GaN membranes with thickness of 0.36 μm 
and 0.7 μm, respectively. The resonant frequency for the AlN 0.36 μm FBAR was 
about 3 GHz.  

The measured and the simulated S parameters for the AlN 1 μm thick 
membrane series FBARs structure is presented in Fig. 6. The agreement is very 
good.  

 
 

Fig. 6. Comparison between simulated and  
measured S parameters for the series FBARs. 

 
4. CONCLUSION  
Several FBARs based on nitrides micromachined membranes were fabricated 

and measured. The modelling approach integrated the EM simulations with 1D 
Mason equivalent circuit. The agreement between the simulated and measured data 
is good. Resonator structures of this type can be used as building blocks for the 
fabrication of high Q and wide bandwidth filters, for use in reconfigurable front-
ends of various mobile and wireless applications.  
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Abstract. A variety of acoustic devices are used for detecting different 
biotargets in real-time. Sensitivity is one of the specifications that a sensor should have 
and it plays a crucial role in the efficiency of detection. Lamb-wave sensors are devices 
with great sensitivity due to the fact that they are fabricated on a membrane. Most of 
today’s Lambtype sensors use materials that are being deposited by sputtering like AlN 
and ZnO. In this paper, we describe the development of a Lamb-Wave sensor, based on 
epitaxial GaN material, which will be used for biological applications. 

 
1. INTRODUCTION 
A great effort is devoted to sensors for applications in biology and medicine. 

These sensors are divided into electrical, optical and acoustical, depending on the 
quantity to be measured. Acoustic sensors, like Quartz Crystal Microbalance 
(QCM), Surface Acoustic Wave (SAW) and Flexural Plate Wave (FPW) or Lamb 
Wave are used widely for interaction studies and analysis, either between 
biomolecules or biomolecule - surface. Another interesting application is the 
detection of specific biotargets, especially when used in human health or 
environmental monitoring. The most important parameters for a successful 
biosensor are high sensitivity and low detection limit. The latter is important in 
cases where the detection of a few biomolecules is required, i.e. pathogenic 
bacteria.  
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For bacteria based biosensors the main problem is the detection limit, which 
is not lower than 105-106 Colony Former Units (CFUs) (single bacterial cells or cell 
clusters) [1]. However, the Lamb-Wave device is based on a membrane-structure, 
so all the energy of the acoustic wave is concentrated in a thickness of a few 
micrometers. This makes the device very sensitive to any changes that occur onto 
the surface. 

Most of the existing Lamb-Wave devices are fabricated on a non-
piezoelectric substrate by the deposition of a sputtering piezoelectric film, usually 
Aluminum Nitride (AlN) [2] or Zinc Oxide (ZnO), on top of it. The membrane 
thickness in these devices may vary from 50 μm to  
2 μm, and it may consist of both the substrate and the deposited material, while the 
operating frequency is usually in the 1 to 50 MHz range, significantly lower than 
that used with SAW devices. In this work, instead of sputtering, the piezoelectric 
used material, which is Gallium Nitride (GaN), was deposited by RF Molecular 
Beam Epitaxy (RF-MBE), while the membrane thickness was 2 μm. 
 

2. LAMB-WAVE  SENSOR 
As it was mentioned earlier, FPW or Lamb-Wave sensors are acoustic 

devices, where an acoustic wave is excited in a membrane. The excitation takes 
place through an Interdigitated Transducer (IDT) (Fig. 1), when an AC voltage is 
applied. 

 
 

Fig. 1. Schematic representation of an Interdigitated Transducer.  
The characteristic wavelength is determined by the distance 

between 2 adjacent fingers connected to the  
same metal bar. 

 
The characteristic wavelength of an IDT is determined by the distance 

between 2 adjacent fingers connected to the same metal bar. The width of each IDT 
finger, as well as the distance between two adjacent fingers connected to two 
different bars must be equal to λ/4, so that a period equals to the wavelength λ. 
Usually, for SAW devices, the operation frequency depends on the piezoelectric 
material and is: 
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f = v/λ                                                           (1) 
 
where v is the acoustic velocity of the piezoelectric material and λ is the 
wavelength. However, in Lamb-type devices, the operation frequency does not 
depend only on these two parameters, but also is affected by the membrane 
thickness and quality of the piezoelectric material. From literature it was found that 
there are mathematical formulas that can predict theoretically the operation 
frequency f. However, as it was mentioned above, quality of material plays a key 
role. Thus, it is better to characterize these devices experimentally, and check the 
operation frequency f with a Network Analyzer (NA), rather than relying only on 
theoretical predictions. 

As with the other acoustic sensors, the FPW device can sense quantities that 
cause changes to the propagating wave, in both amplitude and phase. The 
propagating waves are divided into two sets: symmetric waves (denoted by S0,  
S1, ...), whose particle displacements are symmetric about the neutral plane of the 
membrane, and anti-symmetric waves (A0, A1, …), whose displacements have odd 
symmetry about the neutral plane [3, 4]. 

In order for the FPW device to be used for biosensing and chemical sensing 
in liquids, the membrane configuration must have a thickness d, much less than the 
supported wavelength λ (d<λ). In this case, only two waves exist (S0 and A0), and 
there are no losses of the propagated wave towards the liquid that contacts the 
surface of the device. The device will be “packaged” with a holder and a flow cell. 
Via a peristaltic pump and tubes the deposition of biomaterials will be 
implemented. The biorecognition layer will consist of a layer of protein G, 
followed by an antibody which will be specific for particular bacteria solution [1]. 
Mass loading on the surface (membrane) of the device, will affect the propagating 
acoustic wave, in terms of amplitude and phase. 

 

 
 

Fig. 2. Lamb-wave biosensor. 
 

The FPW device offers a series of advantages when used for biosensing in 
liquids. First of all, it consists of 2 interfaces (Fig. 2, 3) allowing the sensing and 
electrical part to be separated. This means that there is no chance of any short-
circuits between liquid and electric circuit during an experiment. Secondly, due to 
the fact that the acoustic wave is propagating through a membrane of a thickness  
2-50 μm, all the energy of the wave is being concentrated into this area, without 
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any losses towards the bulk. This allows enhanced sensitivity of the device without 
the need for using a waveguide (like in acoustic Love-wave devices). 
 

 
 

Fig. 3. Frond and Back side of a Lamb-wave device. 
 

Last, by choosing proper materials and techniques, the device can be 
compatible with mass production processing techniques. This means that it can be 
integrated with other devices or circuits, for the development of novel BioMEMS 
and Lab-On-a-Chip systems. 
 

3. DESIGN  CONSIDERATIONS 
In order for a device to achieve maximum functionality, it is very essential to 

take into account a series of parameters that can or may affect the efficiency of it 
[5]. These include: 
 

A. Materials 

Until now, most of the fabricated Lamb-wave sensors have been based (as 
mentioned above) on a Si substrate upon which a piezoelectric layer is being 
deposited by sputtering. AlN and ZnO are the two piezoelectric materials widely 
used. For the development of our Lamb biosensors materials such as GaN and AlN 
were chosen. The reasons for choosing these 2 materials are the high acoustic 
velocity (gives a high operation frequency and, thus, better sensitivity [2]), and the 
fact that they are semiconductor materials and compatible with processing 
techniques. Especially, for the III-Nitride group there are a series of advantages 
comparing with other semiconductors, such as biocompatibility, feasibility of 
operation in harsh environments and excellent thermal stability. 

The main novelty of this concept was that both of these materials were 
deposited on high resistivity Si wafers by RF Molecular Beam Epitaxy (RF-MBE). 
So, the final layers (single crystallic material) are of much better quality than those 
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deposited by sputtering (polycrystallic material), resulting in better signal response. 
Especially, for the GaN material, there is no report of any Lambwave biosensor 
based upon it (only SAW type [3]). 

 
B. Geometry of the Device 
The wavelength λ of the device depends (Fig. 1) on the width and space of 

IDTs. The number of IDTs determines the amplification of the signal. The greater 
the number, the narrower the peak of the signal response. The number of IDTs was 
chosen based on mathematical formulas and literature. Three different wavelengths 
were chosen 36 μm, 25 μm and 16 μm, with the number of IDTs pairs being 
respectively 50, 90 and the 102. 

Another parameter is the distance L (also termed delay path) between the two 
pairs of IDTs (Figure 3). The shorter the distance, the smaller the chip, therefore 
more chips can be fabricated onto a wafer in every run. However, if the two pairs 
of IDTs are very close, there is the possibility of cross-talk between them. 
Additionally, attention should be paid so that the delay path L should be enough, in 
order to affect the wave, in terms of amplitude and phase, when propagating 
through the membrane. Based on bibliography, the delay path L was chosen to be 
2700 μm. 

 
 

Fig. 4. Top-view of the designed Lamb-wave device. 
 

The size of the membrane defines the sensing area and, subsequently, the 
volume of tested samples. The membrane size should be enough for fitting the two 
pairs of IDTS and for providing enough space for effective wave traveling. On the 
other hand, a large membrane may be fragile, resulting in reliability problems. The 
size of our membrane was 6570 μm × 4700 μm. 

A final parameter is the size of the chip, which is determined by 2 factors. 
First, by the size of the contact pads and, secondly, by practical reasons related to 
easy handling. Also, the size determines the number of fabricated devices after the 
processing procedure. The size chosen for one chip was 8700 μm × 6700 μm, so in 
a 3-inch processed wafer, 60 devices could be fabricated. 
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4. FABRICATION 
A. RF-MBE 

High-resistivity (>10000 Ω·cm) Si (111) wafers, with a thickness of 575 μm, 
were used as a substrate. The two chosen piezoelectric materials (GaN and AlN) 
were deposited inside a Riber 32 RF plasma MBE. For the GaN material structure, 
the MBE process started with a very thin layer (50 nm) of AlN (Fig. 5). Over this 
layer, a 0.5 μm GaN were deposited, followed by another very thin (10 nm) AlN. 
Finally, a thick layer of 1.5 μm GaN completed the first structure [6]. For the AlN 
structure, only a 2 μm layer of AlN were deposited. During growth, the chamber 
pressure for both structures were 1.5×10-5 Torr. 
 

 
 

a) 

 
 

b) 
Fig. 5. (a) GaN and (b) AlN MBE structures. 

 
B. Processing 

The processing procedure for both structures were the same, due to similar 
chemistry of GaN and AlN. Five photolithographic masks were designed and 
fabricated, while conventional contact UV lithography, e-beam metal deposition, 
metal lift-off and dry etching were used. A Karl-Suss MA6/BA6 mask aligner were 
used for the alignment of the masks with the wafer. In the first step, alignment 
marks were fabricated for all steps and subsequently the orientation of the devices 
was determined, relatively with the major flat of the wafer. This was done, in order 
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to check if the polarization of the GaN and AlN piezoelectric layer affects the 
functionality of sensors (despite the fact that polarization is vertical related to the 
wafer for these two structures). 

During the 2nd step, the electric circuit was formed with a metal deposition of 
20 nm Cr/200 nm Au, which yealded of the IDTs and the pads (Fig 6a). 
Additionaly, instead of Au, Al was also used in one of the runs. Each of these two 
materials has an advantage. Au offers better conductivity, while Al reduces the 
losses from reflections on the IDT structure and leads to better amplification of the 
signal response. 

In the 3rd mask procedure, a front dry-etch took place, where GaN or AlN 
were etched by using BCl3 and Cl2 until the substrate was reached (Fig.6b). By 
doing this, the chip was well defined and diced after the last step inside the 
Reactive Ion Etching (RIE) chamber. The RIE chamber is a Vacutec 1360. 

After the front side process of the wafer, there are 2 back-side procedures. In 
the 4th step, the area where the gasket of the flow cell will contact the device, was 
determined. This was done by Si dry-etch, using SF6 gas. A depth of 20-50 μm 
was achieved (Fig. 6c). 
 

 
 

                                         a)                                                                                 b) 
 

 
 

                                          c)                                                                                   d) 
Fig. 6. Process flow for the fabrication of Lamb-Wave sensors.  

(a) Electric circuit formation, (b) Chip’s definition, (c) 
Gasket area formation and (d) Membrane formation 

 
The final step, includes the membrane formation. Another Si dry-etch took 

place (etched ~550 μm) by using SF6 gas. During this step, and due to step 2, as it 
was mentioned above, the chips were diced (Fig. 6d and 7). 

Another approach for the two final steps could be by thinning the substrate 
by lapping techniques [7]. However, it was decided not to follow this approach, 
despite the fact that it could reduce considerable the etching time, due to the fact 
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that it would make the device extremely fragile (any mechanical pressure could 
lead the device to break down). 
 

 
 

Fig. 7. Front and Back side of a Lamb-Wave biosensor. 
 

5. CONCLUSION – FUTURE WORK 

The development of a Lamb-wave sensor based on III-nitride epitaxial 
material, was presented in this work. A series of design parameters were taken into 
account before the fabrication of the devices. 

The devices will be used for bio-experiments. In these experiments a variety 
of bio-molecules will be checked in order to test device’s sensitivity and efficiency, 
as well as for optimizing the device. Sensitivity is expected to be 2-3 times greater 
than that of conventional acoustic devices. 
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Abstract. This paper presents the design of two 35 GHz analog MEMS phase 
shifters to be integrated in reconfigurable reflectarrays. The proposed devices consist of 
distributed MEMS transmission lines (DMTL) periodically loaded by shunt highly – 
tunable MEMS varactors. The MEMS varactor exploits a torsion spring anchoring to 
provide a toggle push – pull mechanism, which allows the device to have a virtually full 
travel range. A toggle varactor prototype has been electromechanically modeled and 
manufactured at FBK. The electromagnetic model has also been developed on the basis 
of the varactor’s measured response and the fitted capacitance values have been used 
for the design of the phase shifter unit cell. RF full–wave simulations of the phase 
shifters are presented showing very high RF performance as well as small space 
occupation allowing their integration in electronically steerable reflectarrays. 

Index Terms. Toggle, MEMS Varactor, DMTL, Reflectarray. 
 
 

1. INTRODUCTION 
Radio Frequency Micro-Electro Mechanical Systems (RF-MEMS) have been 

widely used in the design of low loss circuits for millimeter-waves applications. In 
particular, several designs of digital phase shifters have been provided by using 
RF-MEMS switches [1-3]. Smart antenna systems [4] constitute one of the main 
field of application of RF-MEMS phase shifter, since they allow for extremely low 
loss and compact reconfigurable systems. 

Several examples of MEMS phase shifters can be found based on different 
architectures. The most common architectures are the distributed MEMS loaded 
transmission line (DMTL) [1][2] and the TTD MEMS topology [3]. In particular 
one can distinguish between digital and analog designs. Digital Phase Shifters 
(DPS) employ capacitive or ohmic switches, able to assume two stable states, on 
state and off state, depending on the bridge position with respect to the RF line. In 
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[2] an example Ka-Band 2-bit DMTL is presented, reporting a 128°/dB phase shift 
at 37.7 GHz. 

Digital designs show several advantages such as higher robustness to voltage 
fluctuations and lower sensitivity to temperature variations. One drawback is the 
high complexity of the bias network, which increases with the number of bits 
required. The device space occupation increases with the number of bits as well. 
As a consequence typically no more than 5 or 6 bits are realized in digital phase 
shifters, yielding limited angle resolutions. 

With respect to DPS, an Analog Phase Shifter (APS) utilizes MEMS 
varactors to achieve a continuous tuning of the phase shift. The main advantages of 
this topology for smart antenna applications are the lower complexity of the control 
network and the higher phase resolution. On the other hand, such a design is more 
sensitive to temperature variations and the capacitance values can be affected by 
RF signal power level. 

Another drawback in the use of varactors is the low capacitance ratio 
Cdown/Cup, theoretically equal to 1.5 for a traditional MEMS varactor. Some 
solutions have been proposed in recent years in order to overcome this limitation 
[5]-[6]. The APS presented in [6] employs a 6.2 capacitance ratio varactors as unit 
cell, resulting in a phase shift capability of 170°/dB at 30 GHz. However the device 
manufacturing is pretty complex and requires the deposition of two sacrificial 
layers. 

This paper focuses on the design of a 35 GHz MEMS analog phase shifter to 
be used in steerable reflectarrays [7], [8]. It consists of a DMTL [9] periodically 
loaded by high tuning range toggle MEMS varactors. Two versions are proposed to 
be integrated in reconfigurable reflectarrays for the electronic beam steering. The 
first one provides a continuous phase shift in the 0° – 180° range. A 360° phase 
shift can be achieved by exploiting the reflection of the RF signal, in order to 
perform a continuous beam steering along one direction. To prevent grating lobes 
phenomena, array element length has to be less than λ0/2 < 4.27 mm at 35GHz. 
This can concern the width of the circuit, while length can not be subject to any 
constrains. Hence, no transmission line bending is necessary. 

The second version provides a phase shift in the 0° -360° range. Hence, a 
720° phase shift can be obtained. By using this version, the reflectarray is able to 
perform a full scanning along both azimuth and elevation angle, by exploiting the 
miniaturization capability of MEMS technology. In this case, APS has to be 
included in a 4.27 mm side square and more than one transmission line bending has 
to be considered to satisfy this requirement. 

The phase shifters employ MEMS varactors based on the push – pull toggle 
mechanism described in [10]. Such a mechanism virtually allows the varactor 
tuning capability to cover the whole variation range as well as enriches the device 
robustness to vibration and selfactuation phenomena. In Section 2, the model of the 
toggle MEMS varactor is briefly described and some RF measurements are 
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reported. The optimization of the unit cell of phase shifter is outlined in Section 3. 
Finally, simulation results of the phase shifter are reported in Section IV. 
Conclusions and future improvements are drawn in the last Section. 
 

2. TOGGLE  MEMS  VARACTOR 
The design starts from the characterization of a toggle switch designed and 

fabricated at Bruno Kessler Foundation (FBK) [10]. The Toggle MEMS device 
consists of a movable 4.8 μm thick gold beam anchored to a 50 Ω coplanar 
waveguide (CPW) ground through four torsion springs. The bridge central area (90 
μm × 90 μm) represents the varactor top electrode and is suspended 2.07 μm above 
the RF signal line. When internal, or pull-in, electrodes are biased with a voltage 
lower than threshold, the bridge central plate moves down and an increase of 
MEMS capacitance can be observed. The maximum reachable capacitance before 
actuation is Cmax. Similarly, the bridge central plate moves up after biasing 
external, or pull-out, electrodes. Consequently the capacitance decreases down to 
Cmin, which is the minimum value before the actuation of external electrode. The 
actuation voltage Vact for both electrode pairs depends not only on the gap between 
bridge and RF line, but also on torsion spring dimensions and tilt angle α [10]. 

 

 
 

a) 
 
 

 
 

Fig. 1. Toggle MEMS Switch: (a) top view, (b) side view. 
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The maximum bridge displacement from its zero-bias position before 
actuation in both up and down directions is indeed: 
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⎝

⎛ +=                                        (1) 

 
when L is the length of mobile electrode, g0 is the gap between bridge and RF line, 
and l is the length of connecting finger. As a consequence a proper dimensioning of 
the bridge actuators and torsion springs may permit the realization of a varactor 
with theoretically infinite tuning range. 

The dimensions of the device under test are L = 90 μm, l = 25 μm. The 
torsion spring is 20 μm wide, 60 μm long and 1.8 μm thick. The zero-bias gap g0 is 
2.07 μm, as mentioned before. 

The electromagnetic model of the bridge consists of a variable capacitance  
C in parallel with a 50 Ω CPW. Sparameters measurements have been performed to 
extract the equivalent values of capacitance, that is, Cmax = 77.6 fF and Cmin = 31.4 
fF. Hence, the ratio Cmax/Cmin is equal to 2.5. This value is higher than the 
capacitance ratio of conventional MEMS varactors, usually lower than 1.5.  

The membrane central part is able to move symmetrically Hmax = 1 μm 
upward and downward from its zero-bias position. In any case the device 
continuous tunability may be increased in order to obtain an Hmax equal to g0 from 
equation (1). RF measurements are reported in Fig. 2, for different values of the 
pull-in voltage Vpi and pull-out voltage Vpo. The measured pull-in actuation voltage 
is 35 V whereas the pull-out actuation happens at 37 V. 
 

 
 

Fig. 2. Return loss measurements of the MEMS 
varactor for different values of pull-in (Vpi)  

and pullout (Vpo) voltages. 
 

3. CELL OPTIMIZATION 
The APS requirements are reported in Table 1. 
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Tabele 1. Phase shifter technical requirements 
 

Constraints Parameters 
Frequency 35 GHz 
APS Dimensions (d) <λ0/2 = 4.27 mm 
Total CPW Width (S-W+2*G) 352 μm 
Maximum Return Loss (ρ) 15 dB 

 
The design of the phase shifter unit cell follows the optimization procedure 

described in [9] where the up and down states of digital MEMS capacitors have 
been replaced with the min and max states of the MEMS varactor. The resulting 
parameters from analytical optimization are listed in table 2. 

As a result quartz seems to be the substrate with the best phase 
shift/attenuation ratio at 35 GHz with respect to silicon substrate. The chosen 
length for a single cell is s = 310 μm. 
 

Table 2. List of parameters achieved from optimization step 
 

Resulting Parameters 
Substrate: Quartz (εr) 3.8 
Unloaded line Impedance (Z0) 102 Ω 
RF Line width (W) 105 μm 
CPW (G) 123.5 μm 
Cell length (s) 310 μm 
Up State Loaded line Impedance (Zup) 60 Ω 
Down State Loated line Impedance (Zdown) 42 Ω 

 
ADS Momentum® simulations of the phase shifter unit cell are shown Fig. 3. 

Return loss better than 17 dB and average insertion loss of about 0.3 dB at 35 GHz 
have been obtained for both limit states of the varactor. The phase shift provided 
by the single cell is slightly higher than 10°. 
 

 
 

Fig. 3.  APS  unit  cell:  comparison  between  return  loss 
and insertion loss in up state (red) and down state (blue). 
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4. PHASE  SHIFTER  DESIGN 
The 0°-180° APS can be achieved by disposing a cascade of N=17 unit cells, 

as shown in Fig. 4. The simulations for the two limit states are shown in Fig. 5. 
 

 
 

Fig. 4. 0°-180° APS Layout. 
 

Excellent performances have been obtained in terms of return loss which is 
better than 15 dB in the 0–40 GHz range. Average insertion loss is 1.1 dB and a 
phase shift up to 189.1° is achievable at 35 GHz. Hence, the phase shift at 35 GHz 
is about 163°/dB. 

 
 

Fig. 5. 0°-180° APS: comparison between return loss 
and insertion loss, related to up state  

(red) and down state (blue) 
 

A short-circuited reflect-type version of this layout can easily be integrated in 
reflectarray unit cells in order to achieve a 360° phase shift for a full electronic 
scanning along one direction. 

A 0°-360° APS has also been developed in order to perform beam scanning 
in both azimuth and elevation directions. It consists of the cascade of 33 cells (Fig. 
6) with three 180 degrees bends added in order to keep the device space occupation 
lower than λ0/2 × λ0/2. The final layout is shown in Fig. 6. A short circuit placed at 
the end of the transmission line is used to obtain a 720° phase shift by exploiting 
the reflection of the RF signal. 
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Fig. 6. 0° - 360° APS Layout. 
 

The design of CPW optimized bends has followed the procedure reported in 
[11] and has been supported by full-wave simulations. The performance of the 
whole phase shifter is shown in Fig. 7. Note the significant return loss degradation 
out of the frequency band of interest due to the coplanar bends. Nevertheless, 
return loss is better than 15 dB at 35 GHz. Because of the CPW bends also the 
average insertion loss gets worse and a 98°/dB phase shift is obtained, which is a 
good result despite the complexity of the structure. 
 

 
 

Fig. 7. 0°-360° APS: Comparison between return 
loss and insertion loss related to up state  

(red) and down state (blue). 
 

4. CONCLUSION 
In this work, the design of two analog phase shifters has been illustrated. The 

devices employ the wide tuning range MEMS varactors based on push – pull 
toggle mechanism whose measured performance are presented. Excellent wideband 
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performances have been achieved with the 0° - 180° APS and a 163°/dB phase 
shift has been obtained. Good performance at 35 GHz have been obtained also for 
the 0°-360° APS, that however can be further optimized in order to reduce the 
device insertion loss. The APSs fabrication is currently in progress at FBK 
laboratories in Trento, Italy. 
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Abstract. We present a monolithic, Si-based, 3-bit phaseshifter for the Ka-band. 
Our design is based on switched coplanar transmission line segments. Switching is 
implemented using 12 low insertion loss capacitive MEMS switches. The coplanar 
junctions (T-junctions) are designed such as phase variations due to switching 
uncertainties are avoided. Return loss of better than 10dB is reported over a 12.5% 
bandwidth while the insertion loss is less than 3dB. The proposed phase-shifter 
topology is capable of a very flat delay over a 35GHz to 45GHz bandwidth with 360º 
phase control at 45º intervals. 

 
 

1. INTRODUCTION 
Phase-shifters are essential components in electronically steered arrays. The 

overall performance of such systems is consequently limited by the phase-shifter 
performance. Conventional designs incorporate FETs as delay path switches. These 
are easily fabricated and can be switched extremely fast. However, they exhibit 
high losses, particularly at high frequencies [1]. Alternative designs, utilizing 
Microelectromechanical systems (MEMS) switches, address this problem and are 
preferable when high power handling is required. Nevertheless designs found in the 
literature [2], [3], demonstrate large phase variations due to switching 
uncertainties. A rather clever approach has been presented by Hacker et. al. in [4], 
based on a microstrip design on GaAs.  

In this paper we present a novel design, based on switched coplanar 
transmission lines, developed within the AMICOM EU Network of Excellence. 
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Low insertion loss capacitive MEMS switches are utilized throughout. Two pairs 
of switches are used for selecting the delay path of each segment and the switches 
are placed at λ/4 away from the coplanar junction, ensuring minimal influence of 
the open sections to the phaseshifter’s performance. This design utilizes 12 
switches in total resulting in a 3-bit phase-shifter. The device was designed to 
produce very flat delay time over a 35 GHz to 45 GHz bandwidth with full 360º 
phase control at 45º intervals. Finally, the system demonstrates a return loss better 
than 10 dB and less than 3 dB of insertion loss within a 12.5 % bandwidth. 
 

2. RF  MEMS  CAPACITIVE  SWITCH 
A. Design Process 

The fabrication is based on surface-micromachining using Ni as structural 
material. The membrane consists mainly of thin evaporated Ni while the anchoring 
is achieved through thick electroplated Ni. The signal line as well as the ground 
area below the membrane are formed by a Ta/Pt/Au/Pt stack. The lines outside the 
switching area and all other interconnections consist of 2-3 μm thick electroplated 
Au. Two actuation electrodes with an additional plasma-enhanced (PE) nitride 
isolation of 300 nm are embedded in the ground area for avoiding high actuation 
voltages. Electroplated air bridges are utilized to ensure ground uniformity on both 
sides of the actuation electrodes. The substrates are double-side polished 6” silicon 
with ρ ≥ 3000 Ω·cm−1 and a thickness of 508 μm. 

 

 
 

Fig. 1. Photograph of the utilized capacitive MEMS switch. 
 

B. Characterization of the Switch 

The overall performance of the phase-shifter will be essentially limited by the 
performance of the switch. It is therefore necessary to characterize the capacitive 
switch at the on as well as the off state. The utilized MEMS switch exhibits a rather 
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low dc/RF contact resistance of 0.3 Ω. With an air gap of 2 to 3 μm an on-off 
capacitance ratio in the range of 20 is expected. In the on state, the switch 
demonstrates a capacitance of Con=935 fF and an inductance of Lon=15.4 pH. In the 
off-state, the switch can be modeled by a coupling capacitance of Coff=50 fF. These 
modeled results have been also validated through measurements and they are in 
excellent agreement [5]. Additionally, the previously discussed process flow 
provides rather reproducible device characteristics. 

When the switch is open, a return loss better than 10 dB 35 GHz and 45 GHz 
is obtained. Over the same bandwidth, the insertion loss of the switch is less than 
0.5 dB, which is one of the lowest so far reported. On the other hand, at the 
closedstate, the return loss of the switch drops to about 1 dB while the insertion 
loss is greater than 10 dB at 40 GHz, prohibiting signals to propagate through it. 

 

 
 

Fig. 2. Simulated return loss and insertion loss for open and close state. 
 
 

3. PHASE-SHIFTER  ARCHITECTURE  
   AND  PERFORMANCE 
The proposed phase-shifting topology is based on a switchable true-time 

delay (TTD) network. The TTD network is deployed through 100 μm wide 
coplanar lines on a 508μm thick silicon wafer. This architecture comprises three 
segments each of which two distinct paths can be followed (Fig. 3). The biasing 
scheme, selects the top or bottom path for each segment. The applied bias actuates 
two pairs of the previously described MEMS capacitive switches and allows or 
blocks the propagation of RF signals. 
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Fig. 3. Layout of proposed phase-shifting topology. 
 

A main drawback of MEMS-based phase-shifters is the phase variation 
observed due to switching uncertainties. This architecture confronts this problem 
by utilizing this ultra low insertion loss switch. However, a significant part of this 
uncertainty is due to the stray admittance of unused delay path as well as part of the 
switches. Our topology minimizes this problem by efficiently designing the T-
junctions, shown in Fig. 3. 

The MEMS switches are placed at a quarter of a wavelength (λ/4) distance 
from the tee-junction. Therefore, when a switch is closed, the impedance of the 
stub transforms into an opencircuit at the junction. Consequently, the RF signal is 
completely reflected at the T-junction, minimizing the contribution of any 
unintended open stubs. Clearly, this matching scheme holds within the frequency 
band where the stub is in good proximity of λ/4. Outside this band, a part of the RF 
signal will be transmitted through the switch and thus dispersion and consequently 
phase-variation should be expected. 
 

 
 

Fig. 4. Simulated phase-shift of all 4 paths. 
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The proposed system is capable of providing a 360º phase control at 45º 
intervals. Fig. 4 depicts the simulated phaseshift of four different paths. The first 
path (0001), follows the bottom 3 coplanar segments of the device. Path number 2 
(100), goes through the top segment of the first section and then the bottom side of 
the other two segments. With respect to path 1, path 2 exhibits a 45º phase-shift. In 
analogy, path 3 (010) demonstrates a 90º phase-shift where path 4 (001) is delayed 
by 360º Evidently, with appropriate biasing, the above paths can be mixed and 
different phase-shifts can be obtained. 

The recommended architecture validates our expectations for very-low phase 
variation. Indeed, from 35GHz to 45GHz a rather flat delay time was succeeded. 
This can be interpreted into a minimal phase variation of ±1.5◦ over the whole 
10GHz bandwidth which is valid for all examined delay paths. 
 

 
 

Fig. 5. Simulated return loss of all 4 paths. 
 

Each of the four different delay paths is well matched within a 12.5% 
bandwidth. As depicted in Fig. 5, the return loss of all possible paths is better than 
10dB. Additionally, the simulated insertion loss (Fig. 6) of all possible phase 
intervals, is less than 3 dB within the same bandwidth. Although the performance 
of the individual MEMS switch is excellent over a rather wide bandwidth, as 
represented in Fig. 2, it is quite resonable the overall performance of the system to 
be degraded. 

Expectedly, this is a 3-bit topology with 12 switches and the overall 
performance falls well within our expectations. Finally, operating the system at the 
limits of the device’s acceptable performance, the electrical length of the open 
stubs at the tee junctions deviate from our λ/4 design goal, justifying the overall 
slightly narrower bandwidth. 
_________ 
1This number denotes which of the top or bottom segments are enabled. 0 denotes that the bottom 
segment is active while 1 denotes that the top coplanar section is selected. 
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Fig. 6. Simulated insertion loss of all 4 paths. 
 
 

4. CONCLUSIONS 
We have presented a 3-bit Ka-band phase shifter based on a switchable TTD 
coplanar network. The switching is attained via appropriate biasing of 12 very-low 
insertion loss MEMS capacitive switches. The proposed phase-shifter has a 360º 
phase control with a step resolution of 45º. Over the 35 GHz to 45 GHz bandwidth, 
the attainable phase-variation is ±1.5º. Additionally, the overall return loss of the 
system is better than 10 dB while the insertion loss is less than 3 dB within a 12.5% 
bandwidth. Finally, the system has been fabricated through the AMICOM EU 
network of excellence MPW platform and the measurements will be presented in a 
future communication. 
 

Acknowledgments. The authors would like to thank Dr. Thomas Lisec of the 
Fraunhofer Institute for Silicon Technology for fabricating the device as part of the 
AMICOM multi-project wafer platform. We also wish to thank Ms. Tatyana 
Purtova of the Electron Devices and Circuits Department of University of Ulm for 
providing RF data for modelling the MEMS switch. Finally, we would like to 
acknowledge the EU AMICOM network of excellence for supporting this work. 
 
References 
[1] E. STENGER, M. SARANTOS, E. NIEHENKE, H. FUDEM, C. SCHWERDT,  

F.K.D. STRACK, G. HALL, and J. MASTI, A Miniature, Mmic One Watt w-Band Solid-
State Transmitter, Proc. IEEE International Microwave, Theory and Techniques Symposium, 
2, pp. 431–434, 1997. 

[2] B. PILLANS, S. ESHELMAN, A. MALCZEWSKI, J. EHMKE, and C. GOLDSMITH, Ka-
Band Rf Mems Phase Shifters, Microwave and Guided Wave Letters IEEE, 9, pp. 520–522, 
December 1999. 



A Ka-Band True-Delay-Line Phase Shifter 279

[3] S. BARKER and G. REBEIZ, Distributed MEMS True-Time Delay Phase Shifters and Wide-
Bandswitches, Transactions on Microwave Theory and Techniques IEEE, 46,  
pp. 1881–1890, November1998. 

[4] J.B. HACKER, R.E. MIHAILOVICH, M. KIM, and J.F. DeNATALE, A Kaband 3-Bit RF 
MEMS True-Time-Delay Network, Transactions on Microwave Theory and Techniques IEEE, 
51, pp. 305–308, January 2003. 

[5] T. PURTOVA, Private Communication, 21 March 2007. 





One Single DMTL-based Circuit for RF-MEMS 
Impedance Tuners and Phase Shifters 

 
 

Tatyana PURTOVA1, Tauno VÄHÄ-HEIKKILÄ2, Till FEGER1,  
Thomas LISEC3, Joachim JANES3, Bernd WAGNER3  

Hermann SCHUMACHER1 
 

1University of Ulm, Department of Electron Devices and Circuits, Albert-Einstein-Allee 45, 
Ulm, Germany 

2MilliLab, VTT Technical Research Centre of Finland, Espoo 02044 VTT, Finland 
3Fraunhofer Institute for Silicon Technology ISiT, Fraunhoferstraße 1, Itzehoe, Germany 

 
 

Abstract. A DMTL-based circuit which can be used both as an impedance tuner 
and as a phase shifter is presented. It was optimized for the impedance tuner operation 
and impedance coverage with 256 states is achieved for 25-45 GHz (measured up to 50 
GHz). Besides, a 3 bit phase shifter operation is possible, resulting in a phase shift of 
180 deg at 35 GHz. This indicates a high potential for designing multi-purpose DMTL 
circuits. The circuit was fabricated at the Fraunhofer Institute for Silicon Technology 
ISiT (Itzehoe, Germany) using surfacemicromachining of high-resistivity silicon 
substrate. 

 
 

1. INTRODUCTION 
Impedance tuners are used as reconfigurable matching networks and in noise 

parameter- and load-pull measurements of transistors. There exists a variety of 
tuner topologies, for example stub-based topologies, slug tuners, or loaded-line 
circuits. Tuning elements can be realized as MMIC varactors or transistors, or as 
MEMS devices. MEMS technology has a high potential for reducing losses and 
improving the linearity of the tuners. 

Many researchers have been using a stub-based approach to design tuners 
with good impedance coverage [1]-[3]. These topologies are inherently narrow-
band, since they rely on particular electrical lengths of the stubs and connecting 
lines. Slug-tuners have been successfully realized using MEMS technology [4]. 
Besides, broadband impedance tuners with good power handling [5], [6] have been 
designed using DMTL techniques which were originally developed for phase 
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shifters [7]. Here we present a DMTL circuit which is suitable for both impedance 
tuner- and phase shifter operation.  
 

2. TECHNOLOGY 
The DMTL circuit was fabricated at the Fraunhofer Institute for Silicon 

Technology ISiT (Itzehoe, Germany) by means of surface micromachining of high-
resistivity Silicon (ρ>3kΩ.cm, 508 μm) covered with 2 μm of SiO2. The fabrication 
process employs seven masks, including thin metallization for the under-path layer, 
two dielectric layers (300 nm AlN with εr =10 and 300 nm SiN with εr=7.5), 
sacrificial layer for the air-gap (2.7 μm), MEMS membrane metallization, 
electroplated gold for transmission lines (3 μm) and thick Ni for MEMS springs 
and supports.  
 

 
 

Fig. 1. Microphotograph and the equivalent circuit of the 
fabricated DMTL impedance tuner and phase shifter. 

 

 
 

Fig. 2. Cross-sectional view of the MEMS switched capacitor. The total 
capacitance CMEMS is formed by a series combination of capacitances 

Csignal and CGND, reducing the overall capacitance. 
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3. DESIGN 
A. Equivalent Circuit and Modelling 

The microphotograph of the fabricated DMTL impedance tuner and phase 
shifter is shown in Fig. 1. The circuit consists of a coplanar line loaded with eight 
shunt capacitive MEMS bridges, operated as switched capacitors (S1-S8) and 
forming a distributed MEMS transmission line (DMTL). All eight switches are 
identical and its cross-sectional view is shown in Fig. 2. As illustrated, the bias 
voltage is applied directly to the MEMS membrane which is isolated from the 
coplanar line. As a result the total capacitance of the switch, denoted as CMEMS in 
Fig. 1 is formed by a series combination of Csignal and CGND, leading to an overall 
reduction in the capacitance. Besides, slight downwardsbending of the membrane 
reduces the air-gap, that increases the up-state capacitance and thus lowers the 
capacitance ratio. The measured up- and down-state capacitances are about 20 fF 
and 95 fF respectively. The actuation voltage of the MEMS bridges is about 40 V. 

At frequencies well below the Bragg reflection frequency, the characteristic 
impedance and the phase velocity of the DMTL lines shown in Fig. 1 can be 
written as: 
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where L’ and C’ and per-unit-length capacitance and inductance of the unloaded 
coplanar line, CMEMS is the switched capacitance and s is the spacing between 
neighbouring MEMS bridges. As it is seen from equations (1) and (2) any change 
in the MEMS capacitance would modify both the impedance and the phase velocity 
of the line. 
 

B. Loss Analysis 

Impedance tuners are inherently highly mismatched circuits. Thus the 
commonly used 21S  as a measure of loss is not applicable here. Instead, the loss 
factor (LF) defined by (3) can be used, which incorporates all losses in CPW line, 
MEMS bridges and radiation: 
 

2
11

2
21 SS1 −−=LF                                                                                         (3) 

 



T. Purtova, et al, 284

Figure 3 illustrates the loss factor versus frequency for the 19 measured states 
of the impedance tuner. At it can be seen, LF is approximately constant for low 
frequencies and increases at higher frequencies. Especially above about 45 GHz 
there is a rapid increase in the loss factor. This can be explained by the fact that the 
circuit is approaching the Bragg reflection frequency, above which there is no 
power transfer in the circuit. This frequency region should be avoided in practical 
circuits. 

 
 

Fig. 3. Loss factor for the 19 measured states of the impedance tuner.  
The losses start to increase at higher frequencies, which is  

particularly  noticeable  above  45 GHz.  Above  this  
frequency the effect of Bragg reflections is more and  

more pronounced leading to no power transfer  
at the Bragg cut-off frequency. 

 

 
 

Fig. 4. Impedance coverage for the 19 measured states of the tuner at 50 GHz (left).  
Good agreement with the simulation is achieved (right). 

 
 

4. IMPEDANCE  TUNER  OPERATION 
In the impedance tuner operation MEMS switches are actuated in different 

combinations to create 2N possible impedances, where N is the number of MEMS 
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bridges. Owing to the measurement complexity, only 19 states out of 28=256 
possible impedance states were measured up to 50 GHz. The measurement results 
for 45 GHz are shown Fig. 4 (left). An equivalent circuit of the tuner was 
implemented using AWR Microwave Office and the simulation results for the 
same 19 states are shown in Fig. 4 (right). Although there are some deviations in 
the reflection coefficient, the agreement between the measurement and circuit 
simulation is relatively good.  

Simulation results for the remaining impedance states are shown in Fig. 5 
(right) for 25-45 GHz. For comparison Fig. 5 (left) shows 19 measured impedances 
at the respective frequencies. At lower frequencies the produced VSWR is not so 
high. However, as the frequency increases, a more uniform impedance coverage of 
the whole Smith Chart is obtained making the circuit particularly suitable for noise-
parameter measurements. 
 

5. PHASE  SHIFTER  OPERATION 
The circuit can as well be operated as a DMTL phase shifter by grouping the 

MEMS bridges into 3 bit segments: one switch provides the least phase shift of bit 
1, two switches form the second bit and four switches are used for the bit 3. Thus, 
in total seven MEMS bridges are required for a phase shifter operation and the 8th 
one is left unused in the phase shifter mode of the circuit.  

Owing to measurement complexity, only the first four states with the lowest 
phase shift were measured. Fig. 6 shows the measurement results and a comparison 
to simulation. A good agreement with simulation is obtained. As it can be seen 
from Fig. 6, the insertion loss of the phase shifter rapidly increases above 45 GHz, 
indicating that the circuit is approaching its Bragg reflection frequency. The 
measured phase shift indicates an increment of about 22 degrees at 35 GHz having 
a potential of being used as a 3-bit 180 degrees phase shifter. Higher phase shifts 
can be easily obtained by cascading more unit cells. By looking at the return loss, it 
is below 8 dB up to 37 GHz and degrades sharply above that frequency. The reason 
is that typical DMTL phase shifters employ high impedance coplanar lines to 
compensate for increased capacitive load in higher phase shift states and provide 
good return loss. However, this circuit was optimized for the impedance tuner 
operation and the dimensions of the unloaded coplanar line were chosen in a way 
to result in a 50 Ω impedance then loaded with the up-capacitances of the MEMS 
bridges. This leads to deterioration in the return loss as the capacitive load 
increases. Still, even without optimisation, at 40 GHz the circuit provides 180 deg 
phase shift in steps of 22.5 deg and the insertion loss is below 4 dB. This indicates 
a high potential for designing multi-purpose DMTL circuits. 
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Fig. 5. Simulated impedance coverage for 256 possible states at 25-45 GHz 
and comparison to the measured 19 tuner states. 
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Fig. 6. Measured and simulated performance of the phase shifter  
in four states corresponding to the lowest phase shift. 
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6. CONCLUSION 
A DMTL-circuit consisting of a coplanar line loaded with eight shunt MEMS 

switched capacitors was designed. The circuit can be operated as an impedance 
tuner generating 256 different impedances. Besides, by combining seven MEMS 
switches into three bit segments, a 3-bit phase shifter operation is possible. 
Measurement results indicate acceptable performance for both modes of operation 
indicating a high potential for multi-purpose DMTL circuits. 
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Abstract. In this work we present a reconfigurable impedance matching 
network for a CMOS Power Amplifier (PA), implemented in MEMS technology. The 
matching network is based on cascaded LC stages and is synthesized in order to match 
the PA optimum output load to 50 Ω at 900 MHz and 1.8 GHz. The MEMS network is 
implemented in two different ways, both employing switch based variable capacitors 
and inductors. The technology relies on a surface micromachining process available at 
the Bruno Kessler Foundation (FBK) in Trento, Italy. 

 
 

1. INTRODUCTION 
Employment of MEMS devices and sub-systems within Radio Frequency 

(RF) functional blocks is emerging as a promising solution in order to obtain high-
performance reconfigurable transceivers [1]. High quality-factor, together with 
wide tuning range and reduced insertion loss, are some of the key-points making 
MEMS technology an enabling solution for multi-standard RF platforms [2]. In this 
paper we present an impedance matching network realized in MEMS technology 
and designed to be integrated with a CMOS PA [3]. 
 

2. FBK  RF-MEMS  TECHNOLOGY 
The RF-MEMS technology available at the Bruno Kessler Foundation (FBK) 

relies on a surface micromachining process based on gold. High resistivity silicon 
wafers are employed as substrate and are covered by 1 μm field oxide. High 
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resistivity PolySilicon and TiN/Ti/Al/TiN/Ti multilayer are exploited for the DC 
biasing of suspended membranes and RF signal lines respectively (see Fig. 1). 
 

 
 

Fig. 1. Schematic cross-section of the FBK RF-MEMS technology. A cantilever  
based suspended structures realizes a ohmic micro-switch.  PolySilicon and  

multimetal layers are visible together with the two gold metallizations 
(1.8 μm and 3.0 μm) for the suspended structure. 

 
Both conductive layers are covered by silicon oxide, enabling the realization 

of metal-insulator-metal (MIM) capacitors as well as ohmic contact where vias are 
defined. The surface metallization consists of a 1.8 μm electroplated gold layer and 
the air-gaps are obtained wherever such a layer is deposited over a 3 μm sacrificial 
photoresist layer. In order to get stiffer gold membranes, for instance in 
correspondence with anchors and suspended membranes that are meant not to 
deform, a second gold metallization (about 3 μm thick) is electroplated over the 
first one mentioned above. Wherever vias to the multimetal are opened, a thin 
metal layer (150 nm of gold) is sputtered in order to get a gold-to-gold contact 
when the suspended membranes are actuated. Figure 1 reports a schematic cross-
section of the FBK technology taking as example a cantilever switch. 
 

3. RECONFIGURABLE  MEMS  IMPEDANCE  
    MATCHING  NETWORK 
The layout of the MEMS-based impedance matching network is shown in 

Fig. 2 and employs ¾-a-circle gold inductors, ohmic switches and MIM capacitors 
(Metal-Insulator-Metal) [4]. The network is configured for GSG (Gound-Signal-
Ground) probing, enabling the characterization of the network alone, and the 
subsequent on-board mounting and wire bonding to the Power Amplifier. 

The schematic of the MEMS network is shown in Fig. 3. It is based on an 
LC-series input stage (LIN and CIN) followed by two cascaded LC sections (L1C1 
and L2C2). More in details, an ohmic-series switch (circled in Fig. 2) allows 
shorting of the CIN capacitor while an ohmic shunt MEMS switch reconfigures the 
C2 capacitance. Depending on the MEMS switches state, the network matches the  
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12 Ω impedance in input to 50 Ω in output at 900 MHz (actuated switches) and at 
1.8 GHz (non-actuated switches). The network of Fig. 3 does not account for the 
parasitic associated to MEMS devices. Details about the topology of the switch 
circled in Fig. 2 are shown in Fig. 4. 

 

 
 

Fig. 3. Lumped element schematic of the network of Fig. 2. The LC-series  
input stage and the two cascaded LC sections are visible. 

 
It is an ohmic-series switch that behaves as the parallel of two MIM 

capacitors when the plate is not actuated. Whereas, when the bridge is actuated the 
two capacitors are shorted due to the ohmic contact between the suspended 
membrane and the input/output RF lines. In the right part of Fig. 4 the gold 
metallizations are hidden to get a clear view of the actuation fingers to bias the 
suspended plate and the RF lines, realized on two different conductive layers. 

 

 
 

Fig. 4. Close-up o the ohmic-series switch circled in Fig. 2. The left figure  
shows the layout of the entire switch while the right one reports only the  

bias and RF lines scheme. In particular, the non-connected  
input/output RF lines are visible. 

 
The other switch included in the network of Fig. 2 is an ohmic-shunt one (not 

discussed here), and its behaviour is opposite to the switch of Fig. 4 (i.e. closed 
when the switch is not actuated and shorted to ground when the plate reaches the 
pull-in). Measured S-parameters of the network of Fig 2 (without PA) are 
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compared with the simulation in Agilent ADSTM for the two switches states and are 
shown in the Smith charts of Fig. 5 at 900 MHz (actuated switches) and of Fig. 6 at 
1.8 GHz (non-actuated switches). Since the network is measured with 50 Ω 
calibrated probes, is has to present a 12 Ω impedance to the left port of Fig. 2 when 
the right one is loaded with 50 Ω. 
 

 
 

Fig. 5. Smith chart plot for the simulated (S11) and measured (S33) 
return  loss of the impedance matching network at  900 MHz 
(i.e. actuated switches). The return loss refers to the left port  

of the network scheme reported in Fig. 2. 
 

 
 

Fig. 6. Smith chart plot for the simulated (S11) and measured (S33) 
return  loss  of  the  impedance  matching  network  at  1.8  GHz 
(i.e. non-actuated switches). The return loss refers to the left port  

of the network scheme reported in Fig. 2. 
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In Figs. 5 and 6 the S11 curves represent the return loss of the left port of  
Fig. 2 while S33 the measured return loss. The markers placed at 900 MHz and  
1.8 GHz show an offset from 12 Ω of measured data compared with simulations 
due to parasitic effects introduced by a non-perfect opening of vias connecting the 
gold metallization to the underneath multimetal layer. This effect has been reduced 
in the subsequently fabricated samples thanks to a 300°C annealing step. 
 

4. RF-MEMS SERIES OHMIC SWITCH 
In this section details about the electromechanical behaviour of the RF-

MEMS ohmic switch discussed in previous section are reported. The 
electromechanical characterization of the switch was performed with an optical 
profiling system (Veeco™ WYKO NT1100 DMEMS) based on interferometry and 
stroboscopic illumination for dynamic measurements. Fig. 7 shows the 3D image 
of the ohmic series switch. In it the ground-signal-ground (GSG) configuration for 
the RF lines is visible as well as the central rigid plate suspended by means of four 
straight beams. The switch included in the matching network of Fig. 2 (and 
reported in Fig. 4) is not available alone with MIM capacitors. However, 
standalone devices are available on-wafer with the topology of the intrinsic micro-
switch (see Fig. 7) which is identical to the one of Fig. 4. The absence of MIM 
capacitors does not affect at all the electromechanical behaviour of the MEMS 
switch. Consequently, data collected on the switch of Fig. 7 that are going to be 
shown are consistent with the device of Fig. 4 included in the impedance matching 
network. 

 
 

Fig. 7.  3D image of an ohmic series switch obtained with an optical 
profiling system. The color scale refers to the height along the Z-axis. 

 
Figures 8 and 9 show the vertical profile of the ohmic switch along the ab 

(X-axis) and cd (Y-axis) lines respectively. In Fig. 8 the markers are placed on the 
surrounding ground line and on the suspended bridge, showing an air gap of about 
5 μm. This value, larger than the nominal 3 μm gap (see section 2), is due to a 
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thicker sacrificial layer which was spun on the wafer to intentionally obtain 
increased air gaps. 

 

 
 

Fig. 8. Vertical profile of the MEMS switch along the ab line (X-axis) 
of Fig. 7. The two markers show the difference of height between the 

ground lines and the suspended plate (about 5 μm). 
 

In Fig. 9 the markers are placed on one flexible suspension and on the plate 
to show that the thickness of the second gold metallization over the bridge is 
around 3 μm as described in section 2. Finally, the experimental pull-in/pull-out 
characteristic of the switch is shown in Fig. 10. 
 

 
 

Fig. 9. Vertical profile of the MEMS switch along the cd line (Y-axis) of  Fig. 7.   
The height difference (3 μm) between the single gold metallization  

of the beam and the double gold layer of the central plate 
is highlighetd by the markers. 

 
It is obtained exploiting the stroboscopic illuminator and a triangular bias 

voltage centred across 0 (i.e. zero mean value) with a very low frequency (20 Hz) 
is applied in order to get a quasi-static characteristic. The pull-in voltage is around 
56 V while the pull-out is observed at 30 V. 
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Fig. 10. Static pull-in/pull-out characteristic of the ohmic switch of 
Fig. 7 measured with the profilometer applying a triangular bias 

voltage with a frequency of 20 Hz. 
 

5. CONCLUSION 

In this work we presented an impedance matching network entirely based on 
MEMS technology. The network has to be interfaced to a CMOS Power Amplifier 
(PA) in order to match its optimum 12 Ω load to 50 Ω impedance at 900 MHz and 
1.8 GHz. First collected experimental data of the matching network alone showed a 
drift from the simulated behaviour because of parasitics introduced by a non-
perfect vias opening. However, a 300°C annealing step performed on the 
subsequently fabricated samples enhanced the agreement of the measured S-
parameters compared with simulated data. Moreover, the electromechanical 
characterization of a series ohmic switch identical to the one employed within the 
impedance matching network has been shown. In particular, the quasi-static pull-
in/pull-out characteristic was observed by means of an optical profiling system 
based on interferometry. Observation of the sample 3D profile allowed to verify 
the effective value of important features like the air gap height and the flatness on 
suspended gold membranes. 
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Abstract. Physical and mathematical model for full 2D numerical simulation of 
a cold emitter unit with semiconductor nano-edge micro-cathode is worked out, which 
is applied for numerical study of the peculiarities of field emission from semiconductor 
tip and emission characteristics.  

 
 

1. INTRODUCTION  
Silicon is considered as one of the most suitable material for vacuum micro- 

and nano-electronics (VM) based on field emitter array (FEA) concept[1]. Silicon, 
though has orders of magnitude fewer conduction band electrons than metals, has 
emitting characteristics comparable to metals, and highly developed silicon batch 
technology can be applied to make various VM devices, including transistor-like 
structures (see, e.g.,[2]).  

Field emission from semiconductors has peculiar features[3, 4] vital for 
successful development of VM devices. High electric field penetrates deep enough 
into the semiconductor and results in intense electron heating near the emitting 
surface[4, 5]. Since the tunneling coefficient exponentially depends on energy, this 
drastically affects the emission characteristics and heat dissipation. Thus the 
electron transport in semiconductor field emitter is in fact highly non-equilibrium 
hot electron process and is an actual physical and practical problem.  
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Fig. 1. Scheme of a cathode triode-like cathode micro-unit. 
 

2. RESULTS  AND  DISCUSSION  
We report on a theoretical investigation and numerical simulation of hot 

electron transport in a wedge n-type silicon field micro-emitter with a nano-edge.  
We consider the single diode FEA cell of real geometry and use 2D quasi-

hydrodynamic self-consistent approach[6] based on continuity equation, energy 
balance equation and Poisson's equation added by the material equations as a 
model. Relaxation time approximation is admitted and impact ionization is taken 
into account when modeling the hot electron transport in semiconductor cathode. 
Lattice heating is also taken into account. The quasi-electrostatic problem in a 
vacuum microcell’s space outside the cathode is solved self-consistently to obtain 
current - voltage characteristics.  

We have elaborated the relevant numerical method to cope with strong non-
linearity and complex geometry of the problem. Original finite difference scheme 
with alternating triangle grid has been worked and parallel processing has been 
used to realize effectively the numerical scheme.  
 

 
 

Fig. 2. Computation domain for a diode-like cathode micro-cell; 
Ω1 – vacuum, Ω2 – semiconductor. 
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We have calculated 2D steady-state distributions of the electric field in the 
cell, and the charge carrier’s density and electron temperature distributions in the 
semiconductor cathod  
 

 
 

a) 

 
 

b) 
Fig. 3. The electronic field modulus, EM, (a) and the electron, temperature, Te (b) distribution in 

semiconductor cathode neaits apex above the field emission threshold. 
 

We have shown that hot elerons dominate the emission in actual fields and 
impact ionization may contribute markedly to the electron transport near the edge 
of the cathode. The electric field is concentrated near the apex of a cathode. That 
stimulates strong electron heating at the tip a semiconductor cathode and results in 
the high electron field emission current.  
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The emission current-voltage characteristics of a cell have been simulated. A 
kind of a threshold current jump is observed in numerical experiments resulting 
from the strong non-linearity of coupled quasi-hydrodynamic equations.  
 

4. CONCLUSION  
In conclusion, we have elaborated physical and mathematical model for full 

2D numerical simulation of entire field emitter microcell with semiconductor nano-
edge micro-cathode. The emission characteristics of a cell have been simulated 
using highly efficient parallel processing. We have shown that electron heating 
drastically affects field emission from a silicon micro-cathode and impact 
ionization may contribute markedly to electron transport. Heavy local electron 
heating may also result in cathode edge instability due to intensive energy 
exchange between the electron gas and the lattice.  
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Abstract. This paper deals with the problem of sticking in electrostatic RF-
Micro switches by proposing a structure which ameliorates the restoring force without 
changing the pull-in voltage. First we showed the need of different stiffness of the 
structure between the state before actuation and after it collapses. A methodology for 
dimensioning the stoppers is then explained and applied to the test structures that we 
want to fabricate in order to validate our concept. 

 
 

1. INTRODUCTION 
The use of RF micro-switches in mobile applications is conditioned to a low 

actuation voltage of these components [2]. In the case of electrostatic actuated 
switches, which are the most common, the reduction of the actuation voltage can 
be obtained by: the initial gap reduction, the addition of large area actuation pad 
and the reduction of the bridge’s mechanical stiffness. Due to RF issues, the bridge 
height is often between 2μm and 3μm and cannot be reduced any more. Even with 
large electrode area, it is then necessary to design microstructure with low 
mechanical stiffness. The drawback of a low stiffness is that the switch becomes 
more sensitive to sticking effect such as dielectric charging [3]. One solution to 
reduce this problem is to design switches with two states of mechanical stiffness: a 
low stiffness before actuation and a higher stiffness after actuation. 

The objective of this paper is to give a methodology for pre-designing 
switches with nonlinear stiffness states and to dimension the stoppers height. A 
first Study was done to verify this concept, the initial stress was studied to analyse 
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their effect. We ran some simulations to get more precise values of the stiffness for 
the different proposed topologies and which includes the initial stress effect. 
 

2. PROBLEM  DESCRIPTION 
Two important characteristic of an electrostatic switch are the Pull-in voltage 

and the Pull-out voltage which can be summarized by the hysteresis of the C-V 
curve shown in Fig.1. In the case of a simple bridge as shown in Fig. 2, the 
analytical expression of the Pull-in (1) and the Pull-out (2) [1] voltages are given 
by: 
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Fig. 1. The hysteresis in electrostatic switch as measured. 
 

 
 

Fig. 2. The structure of a double clamped straight bridge. 
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We considered that the bridge is actuated through the signal line so the 
actuation pad has the length of the signal line width and its width is the bridge 
width. In the expressions the variables signify: 

 

t:     Bridge thickness. 
td:    Dielectric thickness. 
W:   Bridge width. 
Wa:  Signal line width. 
L:     Bridge length. 
K:    Stiffness of the structure f (W, t, L). 
g:     Distance between dielectric and bridge. 
g0:    Initial gap. 
ε0:    Permittivity of air. 
εr:    Dielectric relative Permittivity. 

 

We can see from the expressions (1)&(2), decreasing K to decrease Vpin, 
leads to a decrease in the Vpout which will increase the failure of the switch due to 
dielectric charging. The goal is then to decrease the actuation voltage Vpin and 
increase the release voltage Vpout. To do so, we need a structure with two states of 
stiffness or a nonlinear spring behavior. The stiffness of the structure is given by 
(3)[1]: 
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The only parameter that we can obtain with two states is the length L, and 

this is by reducing the anchorage point or an equivalent of this by adding two 
points of contact at the needed length. 
 

3. STRUCTURE  WITH  TWO  STIFFNESS  STATES 
As already explained, a structure with two stiffness states is needed. That is a 

low stiffness in the up states in order to have low actuation voltage and a high 
stiffness in the down state in order to have high restoring force. 

This structure shown in Fig. 3 permits a low initial stiffness which we can 
control by the length L and a high stiffness once the bridge contacts the stoppers 
since at this moment it is the length Ls which is working. Ls and ts being 
respectively the distance between the stoppers and their height. Fig. 4, shows the 
restoring force and the electrostatic force as a function of the distance, g, between 
the bridge and the actuation electrode. We can see that initially the slope of the 
restoring force is low which indicates a low stiffness, and after contact of the 
stoppers the value of the stiffness has been increased. 
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Fig. 3. The structure of a double clamped straight  
bridge with stoppers. 

 
The graph of Fig. 4, was done using analytical models. 

 
Table 1. Summary of the model parameters 

 

Bridge Parameters Material Properties 
L 1330 μm EAU 70 GPa 
W 80 μm v 0.3 
Wa 100 μm εr 6.5 
t 3 μm Stoppers Parameters 
td 0.25 μm  500 μm 
g0 2.5 μm  1.5 μm 

 
We can read on the graph that for a same pull-in voltage, we succeeded to 

ameliorate the restoring force five times more. The specifications of the model are 
in Table 1. 
 

 
 

Fig. 4. Graph of the restoring force as a function of the 
bridge height, showing the two states of stiffness. 
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A. Dimensioning the Stopper 

All over our design, the initial stress was considered to be 50 MPa with about 
20% of uncertainty due to process. The length L is imposed by the design 
specifications to get a low actuation voltage. The distance between the stoppers Ls 
is depending on the restoring force needed without ignoring the quality of the 
capacitance in the actuation state. After fixing all these parameters, we need to 
calculate the height ts of the stoppers which will define the point of deflection in 
the stiffness. 

To dimension the stoppers, we have two unknowns to be calculated. First we 
fix the pull-in and the pull out voltages in order to calculate the two states of 
stiffness using (1) and (2). Once we have K and Ks, with the consideration that the 
pull in stays the same, we use (4) to calculate g0’ which is the imaginary initial gap 
for the stiff state. Ks is the stiffness of the structure after contact. 
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This formulation is obtained by equating the pull-in of two switches having 
different stiffness and different initial gap. For our model g0’ was found to be  
1.13 μm. We called gs the point of intersection of the lines describing the restoring 
forces for the two lengths. The value of gs was calculated using (5) and was found 
to be 0.98 μm. 
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The value of gs signifies the height of the bridge at which contact should take 
place. This value is given at the middle of the bridge, so to have the exact 
dimension of the stoppers; we need to look to the height of the bridge in the place 
where the stoppers are placed. The height of the stoppers that have to be placed at a 
distance of 250 μm from the center is ts = 1.47 μm. 
 

B. Comparing Analytical and Simulated Results 
The analytical model of the bridge without stoppers gave an actuation voltage 

of 43.5 V. We designed the stoppers in a way to keep the same pull-in, but we 
increased the pull-out voltage from 1.7 V to 3.8 V. If we interpolate linearly the 
results, we can say that the ratio of the ameliorated pull-out to the original one is of 
the same order as the ration of the beam length to the distance between the 
stoppers. 

The switch was simulated using Coventor in order to validate the analytical 
model. The pull-in obtained by simulation was about 42 V weather with or without 
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stoppers, as it was designed to be. A pull-out voltage less than 5 V was also found 
for both cases (with and without stoppers). More precise simulations will be done 
near the pull-out voltage by decreasing the step size. The obtained results are 
summarized in Table 2. 
 

Table 2. Summary of the results 
 

Analytical Values 
Without stoppers With stoppers 
Vin 43.5 V Vin 43.5 V 
Vout 1.7 V Vout 3.8 V 

Simulated Values 
Without stoppers With stoppers 
Vin 42 V Vin 42 V 
Vout < 5 V Vout < 5 V 

Error on Vin 3.5 % 
Amelioration of Vout 2.2 times 

 
4. TECHNOLOGY 
To realize these stoppers, there are some technological constraints and 

parameters that should be studied in order to obtain the function that we need. We 
had different possibilities to fabricate these stoppers, Fig. 4, 5 and 6 shows the 
different ways we thought about. 
 

 
 

Fig. 5. This photo shows a solution to fabricate the stoppers on the  
substrate; half of the structure is shown due to symmetry. 

 
The problem in the solution showed in Fig. 5 is that the sacrificial layer will 

follow the topography of the layers underneath it (which is not shown on the 
figure) and the bridge will be deformed and will never touch the stopper. Another 
solution was putting the stoppers in the bridge in order to overcome the flatness 
problem. For that solution we had two methods, either use two sacrificial layers 
where the second will define the thickness of the stopper, or the use of only one 
layer of photoresist and insolate it partially as shown in Fig. 6 and 7. 

The first option was a bit complicated due to adhesion reasons between the 
two layers. Moreover, the thicknesses could not be well controlled and is limited to 
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the thicknesses that the second photoresist can take. The partial insolation, shown 
in Fig. 7, method was adopted but it needed some tests to be done on the feasibility 
of the stopper and the precision of its dimensions. This stopper will affect the 
flatness of the bridge but since its position is far from the capacitance formation it 
will have no effects on the RF performance. 

 

 
 

Fig. 6. This photo shows a solution to fabricate the stoppers on the  
bridge using two photoresist layers; half of the structure 

is shown due to symmetry. 
 

 
 

Fig. 7. This photo shows a solution to fabricate the stoppers on the  
bridge using one photoresist layers and partially insolating it;  

half of the structure is shown due to symmetry. 
 

Different runs were launched to study the precision of the depth of the 
stopper and the time needed to have a specific depth. The graph shown below in 
Fig. 8, shows different holes drilled in the photoresist. The uncertainty obtained on 
the depth of the drilled hole is about 60 nm. The width of the drilled hole is about 
200 μm, but for our application a width of 5 μm has to be studied. 

We can realize that near the drilled hole, the photoresist creates a small bump 
that will perturb the flatness of the bridge. The same problem is expected to be at 
the anchorage and over the coplanar lines so we need to place the stoppers in a 
region far from the coplanar lines gap in order to have a good reference for our 
contact. The profile of the photoresist at the anchorage as well as at the coplanar 
lines gap is shown in Fig. 9. 
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Fig. 8. This graph shows the different profiles of the drilled 
holes inside a photoresist using the partial insolation, the 

insolation time was studied for different depths. 
 

 
 

Fig. 9. This profile is for the photoresist deposited on the 
CPW lines and shows the drilled hole in the middle of  

the bridge as well as the anchorage at the sides. 
 

5. CAPACITANCE  STUDY 
When adding the stoppers, a higher restoring force was applied to the 

structure leading that may lead to a bad contact between the surfaces forming the 
capacitance. For this reason, a study of the effect of stoppers on the capacitance 
value was done in order to check if the loss in the capacitance value is reasonable 
or not.  

In Coventor, we calculated the capacitance in the down state of the switch 
with and without stoppers. The theoretical value of the capacitance, by considering 
two perfect surfaces is calculated to be 1.84 pF while the one simulated without 
stoppers is 1.788 pF which is 3% of error. This simulation shows that the stoppers 
didn’t affect the value of the down state capacitance but these values of capacitance 
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are much less than that, in fact the surface roughness of the dielectric and the 
bridge creates micro air gaps and the value decreases significantly.  

Simulations have been done with perfectly flat bridge and we will perform 
simulation with real bridge profile as described in Fig. 9. 
 

6. CONCLUSION 
After studying the problem of electrostatic micro switches, we found a need 

to increase the pull-out voltage the maximum possible or in other words to bring 
the pull-out voltage the nearest possible to the pull-in. Since ameliorating the first 
affects negatively the second, we proposed a new design that offers a two state 
stiffness. Just by adding stoppers under the bridge, we obtained a weak initial 
stiffness which is good to reduce the pull-in voltage and a high stiffness once the 
bridge touches the stoppers, that is in the down state. A methodology to design and 
dimension the structure and the stopper in the best way to serve our application was 
described in this paper. The analytical model was compared to the simulations, 
always including 50 MPa of initial stress. The simulated results show the 
amelioration of the pull-out voltage of 2.2 times. If we consider that the lifetime of 
the switch is proportional to the distance between the zero voltage (where the 
hysteresis cuts the Y-axis) and the pull-out voltage we can say that we ameliorated 
the life of the switch 2.2 times more. Effectively, the dielectric charging is faster at 
the first cycles, and then it becomes more linear so the figure of merit stated above 
is for the worst case and we can say that the amelioration is more than 2.2 times. 

The technological problems where studied and we found that the concept is 
feasible. The uncertainties on the dimensions due to etching as well as etching 
parameters were investigated and the process steps were fixed. 

The results obtained are promising but still needs to be validated by 
experimental measurements. Test structures are in the phase of fabrication 
meanwhile. 
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Abstract. Dielectric breakdown of the insulator between suspended membrane 
and actuation layer under anchorages can lead to a new stiction mechanism on 
electrostatically actuated RF-MEMS switches. Actuator current is investigated as an 
indicator of stiction issues, and charge trapping phenomena. A simple design guide-line 
to improve RF-MEMS switches reliability is also furnished. 

 
 

1. INTRODUCTION 
RF-MEMS devices are becoming very attractive for their potential of 

overcoming the limits of both traditional solid state devices (Si, SiGe, GaAs, GaN, 
etc…), and space- and weight-consuming mechanical implementations (coaxial 
switches, phase delayer, etc…) [1]. Despite RF-MEMS devices have been 
introduced to the research world a couple of decades ago, the reliability of such 
devices is still an open issue [2].  

Stiction is nowadays considered one of the most critical problem of electro-
statically actuated RF-MEMS switches, typically induced by charge entrapment 
[3], or suspended membrane fusion with the bottom RF-signal line (metal-to-metal 
fusion in ohmic switches) [4]-[6]. In both the cases, the suspensions restoring force 
cannot be sufficient to separate the surfaces in contact, leading to an useless device. 
Furthermore, the presence of moving parts, in conjunction with the small device 
dimensions, can make the membrane very sensible to surface-tosurface attraction 
forces (as the Van der Waals one), and strong adhesion phenomena can be easily 
reached [6].  
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Dielectric charging phenomena are typically due to the high electric field 
applied between the MEMS membrane and the actuation pad underneath it. In fact, 
the voltage applied can inject charge into the oxide and generate a parasitic 
electrical field which can, depending on the trapped charge sign, increase the 
actuation electrostatic field or partially screen it [7]-[8]. Also in this situation, the 
parasitic field can be strong enough to maintain the MEMS membrane in the 
actuated position even if the bias voltage has been zeroed.  

In this work we have investigated the current drained by the actuation 
electrode (IACT), finding interesting correlation between IACT and the actuation 
voltage, and the presence of charge trapping phenomena. Furthermore, we have 
found that stiction can also be induced by the dielectric breakdown of the insulator 
between the suspended membrane and the actuation electrode layer. In this case, 
IACT can predict stiction issues occurrence. 
 

2. DEVICES  OVERVIEW  AND  MEASUREMENT  SETUP 
Several kinds of ohmic series and shunt switches, built by FBK-IRST 

(Trento, Italy), have been the focus of this work. The technology utilized for the 
fabrication of tested ohmic RF-MEMS switches consists of a surface 
micromachining process based on electrodeposited suspended gold for the 
membrane layer. The RF signal path is made with the same gold layer to achieve a 
lowlosses gold-gold ohmic contact upon actuation. A high resistivity poly-silicon 
layer is used for actuation electrodes, and an Al-Ti-TiN layer is used for the 
RFsignal underpasses. A detailed process description is given in [9]. We have 
tested several typologies of ohmic RF-switches, in both shunt (normally closed) 
and series (normally opened) configuration.  
 

          
 

                                         a)                                                                      b) 
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                                    c)                                                                             d) 
Fig. 1. Tested devices layout: meander based suspensions (a), and straight beam suspensions (b). 

Optical profilometer image of series switches after suspended membrane removal with  
(c) dimples, and without (d). Actuator electrodes and dimples are 

highlighted in the picture. 
 

Two main variables of device geometries were used. The first one is the 
shape of the suspended gold springs (suspensions): meander based (see Fig. 1a), or 
with straight beams (Fig. 1b). The second difference is the type of membrane / 
transmission line contact: flat surfaces, instead of the usage of dimples and 
winglets (see Fig. 1c, and 1d). 

An interdigitated topology has been adopted for signal underpass and 
actuation electrodes, which is useful for reducing charge trapping phenomena. A 
detailed description of the test devices can be found in [10]. We have developed 
different semi-automatic measurement setups based on a HP 6753A Vector 
Network Analyzer (VNA), a HP 8114A solid state pulser, and a Keithley 2612 
Source Meter, in order to test the electrical characteristics of RF-MEMS devices. A 
complete description of the measurement technique and adopted setups is reported 
in [11], whereas the bias evolution used during our tests is reported in Fig. 2. 
 

 
 

Fig. 2. Bias evolution adopted for the DC characterization of 
RF-MEMS switches. 
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Both meanders and straight beams based devices have been fully 
characterized. Thanks to the low spring constant value, given by the meander 
shaped anchors, type (a) devices, both shunt and series topologies, have shown 
very low values of actuation and release voltages (|VACT| ≈ 12 V, |VREL| ≈ 6 V). 
Straight beams devices (with higher spring constant values), are characterized by a 
more ideal actuation characteristic graph, and present higher values of both 
actuation and release voltages (|VACT| ≈ 36 V, |VREL| ≈ 18 V), as shown  
in Fig. 3. 

 
Fig. 3. DC Characterization of straight beam  

based suspensions switch. 

 
All devices have shown good RF performances (Sparameters measurement 

conditions: RFreq = 6 GHz, RFpower = 0 dBm), and, as demonstrated by the graph 
symmetry, these RF-MEMS are not affected by charge trapping phenomena during 
the first characterization procedure. Optical profilometer analysis, carried out on 
fresh devices, showed that almost no residual stress existed in the suspended 
structure of the tested RFswitches (3 μm air gap). 

In conjunction with the traditional measure of both RF and electro-
mechanical parameters of MEMS switches, we have studied the measurement of 
IACT: during the Sparameters characterization (i), and in a fastest way considering 
only the actuator structure (ii, sweeping the voltage at the actuation pad vs. 
ground). 

In order to better understand the evolution of the actuator current, we have 
also fully characterized ad-hoc developed test structures. These are square 
capacitors (440 μm × 440 μm), without any movable parts, made with a poly-
silicon top electrode, a 100 nm SiO2 LTO, and an Al1%Si bottom electrode. These 
capacitor test structures has allowed us to investigate the influence of the trapped 
charge on the actuator current and, in general, on the behavior of the full MEMS 
switch. The measurement setup used for the capacitors is the same used for 
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switches characterization, but, in this case, only IACT has been measured (no S-
parameters).  

 
3. DIELECTRIC  CHARGING  AND  ACTUATOR  CURRENT 
The comparison of S21 and IACT measurements of a shunt, meander-based 

switch is reported in Fig. 4. 
 

 
 

Fig. 4. Comparison of S21 and IACT measurements of a shunt, 
meander-based switch. IACT compliance limited to 1 μA. 

 
As it is possible to notice, IACT can furnish a precise value of the switch 

actuation voltage (VACT = 25.5 V, as highlighted by the dotted circle in Fig. 4), 
due to the transient increase of the capacitor displacement current, and the value is 
in perfect agreement with the S21 variation due to the actuation of the switch. 
Furthermore, it is interesting to notice that IACT suddenly increases after about  
60 V, precursor of the breakdown of the dielectric layer. It must be noted that a 
compliance level of 1 μA was set during the measure shown in Fig. 4. Without 
setting a compliance value on the maximum current level, the device could remain 
stuck, as we will discuss in the next section. 

In order to better investigate the behavior of IACT, we have repeated similar 
measurements on capacitors test structures. An example of a typical I-V curve 
shown by a fresh capacitor is shown in Fig. 5. Like in the measurement of a full 
switch, at about 60 V the current starts to increase (phase 1), and, during the phase 
2, the current decreases showing an hysteresis-like behavior. 

This phenomenon can be attributed to the upward bending of the oxide band 
diagram (see the inset in Fig. 5: XC = charge barycentre, tox = oxide thickness), 
leading to a reduction of the current flowing through the oxide (tunnel effect, or 
trap-assisted tunnel mechanisms) [12]. 
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Fig. 5. Evolution of IACT on a fresh test structure during the test. 
The arrows indicates the sweep direction. The inset shows a 
simplified schematic of the capacitor bands diagram before 

(dotted line) and after (continuous line) negative charge 
injection in the oxide. 

 
We have consecutively repeated the measurements for 100 times, and in Fig. 

6 it is reported the evolution of selected (#1, #10, #100) I-V characteristics during 
the test. 

 
 

Fig. 6.  Evolution  of  IACT after  1, 10, and  100 measurement 
cycles. The x-axis is split for clarity purpose. The inset shows 
the  decrease  of  IACT (@ 80 V)  caused by charge entrapping. 

 
In order to investigate the evolution of the current during the test, we have 

graphed (see the inset of Fig. 6) the current value measured at 80 V. It decreases 
exponentially, and this can be explained by a continuous injection of negative 
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charge in the dielectric. The negative charge causes an increase in the oxide barrier 
leading to a decrease in the current, with a saturation on the charge accumulation 
value after some repetitions of stress. 

 
4. STICTION  INDUCED  BY  DIELECTRIC  BREAKDOWN 
As already shown in Fig. 4, it is interesting to note that IACT starts to 

suddenly increase for VBIAS > 60 V, due to the breakdown of the oxide layer 
between the suspended membrane and the actuator line. The region affected by the 
dielectric breakdown is highlighted in Fig. 7b. 
 

 
 

Fig. 7. Optical profilometer images of tested devices: unactuated (a), and actuated (VBIAS = 60 V). 
The circle in (b) highlights the zone where the dielectric breakdown occurs. 

 
We have seen that if the actuator current is not limited (setting the current 

compliance level to a maximum value of 1 μa), the dielectric breakdown can lead 
to a permanent stiction of the suspended membrane. In Fig. 8 we show the 
evolution of S-parameters and actuator current during the test with no compliance 
set on IACT. 

 
 

Fig. 8. Comparison of S21 and IACT measurements with no current limit.  
The device remains stuck, in the point highlighted by the  

emission microscope image reported in Fig. 9. 

a) 

b) 
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At VBIAS ≈ 80 V, IACT increases up to about 2 mA; from that point the actuator 
assumes an ohmic behavior and the S21 parameter does not show any variation 
during the test. In this case the dielectric breakdown has lead the device to remain 
stuck and partially bended, since the S21 parameter assumes an intermediate value 
between the not-actuated, and the actuated values. Furthermore, the stiction 
occurrence has been confirmed by the prickling of the membrane, showing the 
bridge rotating around the point in which the breakdown occurred. Another 
confirmation is given by emission microscope (Hamamatsu PHEMOS-200) 
measurements, that clearly indicates the point where the failure has occurred, as 
shown in Fig. 9. 
 

 
 

Fig. 9. Emission microscope image of the stuck device after the 
dielectric breakdown (see Fig. 8). The stiction has occurred in 

the area highlithed by the circle. 
 

Devices with different anchorage layout (without crossing with the actuation 
electrodes) have been tested, obtaining an highly increased robustness. The next 
step will be the study of the Time-to-Breakdown (TTBD) of such failure mode. 

From this excerpt of the breakdown characterization between suspension and 
bottom actuator electrode, a simple design guide-line that should be observed to 
improve the reliability of such devices, could be avoid the crossing between the 
actuator area and the suspended structure. 
 

6. CONCLUSION 
In this work we have investigated the current drained by the actuation 

electrode, finding interesting correlation between IACT and the actuation voltage, 
and the presence of charge trapping phenomena. 

Capacitor test structures have been characterized, investigating the influence 
of charge trapping in the evolution of the leakage current. 
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We have shown that stiction phenomena can also be induced by the dielectric 
breakdown of the insulator between the suspended membrane and the actuation 
electrode layer, and, like in the previous cases, IACT can furnish interesting 
information on the stiction and breakdown occurrence. 
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Abstract. The charging processes have been investigated in dielectrics used in 
RF MEMS capacitive switches. The investigation included various silicon oxides and 
nitrides. Finally, the effect of substrate, bottom electrode, has been taken into account.  

 
 

1. INTRODUCTION  
The dielectric charging in RF-MEMS capacitive switches constitutes a key 

issue parameter for their commercialization. Although the basic charging processes 
are well know from the elementary theory of dielectrics they still cannot be fully 
applied to MEMS devices. This is because the dielectric film is amorphous and 
deposited under various conditions on varius substrates at low temperatures. This 
affects significantly the material steocheometry and stress. The density of defects 
in such materials may be in excess of 1018cm-3, for SiN, giving rise to charge 
trapping and dipole formation. Moreover the presence of hydrogen in PECVD 
deposited dielectrics may affect significantly the intrinsic charge distribution 
through transport under high electric fields.  

The charging processes in silicon nitride and oxide dielectrics have been 
investigated intensively in order to find application in MEMS capacitive switches. 
The investigation has been performed by using both Metal-Insulator-Metal (MIM) 
capacitors and MEMS switches [1-4]. In so far only these studies have been 
isolated and no comparison has been performed in order to draw comparative 
conclusions.  
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The aim of the present work is to investigate the electrical properties and 
charging processes in silicon-nitride, silicon-oxide and silicon-oxinitride dielectrics 
deposited under different conditions and on different substrates. The investigation 
is performed by applying the Thermally Stimulated Depolarization Current method 
(TSDC) on MIM capacitors.  

 
2. EXPERIMENTAL  DETAILS  
On all wafers field oxide (thermal oxide) 300 nm was grown to isolate from 

the Si substrate. Two bottom electrodes have been used:  
 Polysilicon deposited at 620°C with a thickness of about 600 nm and 

doped with boron and  
 Metal multilayer deposited by sputtering with a total thickness of about 

550 nm.  
The investigated dielectrics were deposited under different conditions and on 

different substrates. All methods and lower contacts composition are summarized 
in Table 1.  

The MIM capacitors were assessed with the aid of thermally stimulated 
depolarization current method. The dielectric was polarized by applying an electric 
field of 106 V/cm at 450 K. Then the samples were cooled under electric field 
down to 200 K. Finally, the depolarization current was measured with the aid of a 
Keithley 6485 picoampere meter while the samples were heated under constant rate 
of 2.5 K/min.  

 
3. THEORETICAL  BACKGROUND  
The dipolar polarization in inorganic crystals may be caused by 

structural properties of the crystal lattice or it may be due to lattice 
imperfection or doping. The time and temperature dependence of 
polarization and depolarization processes are determined by the 
competition, between the orienting action of the electric field and the 
randomizing action of thermal motion. Thus, the decay of polarization after 
removal of electric field is given by an exponential function of time. In the 
case of a MIM capacitor, the depolarization process induces a short circuit 
discharge current transient (DCT) that is given by 

 

( )
dt

tPdtIdis −=)(                                                            (1) 
 

The current that is produced by the progressive decrease in polarization in the 
course of a TSDC experiment, where time and temperature are simultaneously 
varied, is approximated by [5]: 
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where β is the heating rate (K/sec), EA the depolarization mechanism activation 
energy, PS(Tp) is the equilibrium polarization at the polarizing temperature Tp, τ(T) 
the thermally activated relaxation time determined by and 1

0
−τ  the characteristic 

frequency factor, which is usually directly related to the vibrational frequency of 
the material 
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Table 2. Summary of investigated structures 

 

Sample 
no 

Botom Electrode Dielectric Top 
Electrode 

Film Thickness 
(nm) 

1 Polysilicon LPCVD Nitride Al 1% Si 98 
2 Polysilicon TEOS Al 1% Si 200 
3 Polysilicon LOT Al 1% Si 114 
4 Polysilicon PECVD Nitride HF Al 1% Si 106 
5 Al 1% Si÷Ti÷TiN LTO Cr/Au 114 
6 Al 1% Si÷Ti÷TiN PECVD Oxide LF Cr/Au 88 
7 Al 1% Si÷Ti÷TiN PECVD Nitride HF Cr/Au 106 
8 Al 1% Si÷Ti÷TiN PECVD Oxidi Nitride Cr/Au 98 

 

 
 

Fig. 1. Asymmetric TSDC spectra obtained in SiNx. 
 

In the case of space charge polarization the processes leading to thermally 
stimulated depolarization current are far more complex because several 
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mechanisms such as the counteracting action of diffusion, the loss of migrating 
carriers due to recombination, the blocking effect of the electrode-dielectric 
interfaces, the charge trapping and the influence of local electric fields can be 
involved simultaneously. Under these circumstances the TSDC spectra show the 
characteristic properties of distributed processes, such as extension over a wide 
temperature range. In addition, only a part of the space charge decay is monitored 
in the MIM capacitors current as a consequence of:  

i) the partial dissipation of excess charges by space independent intrinsic 
conductivity that passes unnoticed in the external circuit,  

ii)  the incomplete release of the image charges induced at the electrodes due 
to their partial neutralization by the excess charges and  

iii)  the dependence of the diffusion released current on the blocking character 
of the electrodes.  

The efficiency is greatly improved by using an insulating electrode adjacent 
to the non-metalized side of the sample, an insulating foil or air gap, which mat 
partially resemble a MEMS switch in the up-state. 

 

 
 

Fig. 2. Arrhenius plot of TSDC spectrum revealing  
activation energy of 0.22eV. 

 
4. RESULTS  AND  DISCUSSION  
Typical TSDC spectra obtained after polarization of the dielectric film with a 

positive or negative bias, which was been applied to the top electrode of a PECVD 
SiNx MIM capacitor, are presented in Fig. 1. The spectra have a complex structure 
consisting of a semi-continuum distribution of defects. Moreover, the spectra are 
asymmetrical. In the case of SiNx this behavior has been attributed to the 
asymmetrical electrodes and the dielectric film properties. The latter is because the 
amorphous silicon-rich alloys behave like α-Si:H with expected differences that 
arise from nitrogen doping/incorporation and the rapid increase in the strength of 
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the valence band tail as the degree of disorder increases with nitrogen content [6]. 
The current transport in silicon rich α-SiNx:H MSM structures is strongly 
controlled by the barriers at the metal–semiconductor interfaces. The injected 
electrons from cathode electrode may recombine with holes, which are “injected” 
from anode electrode and are either trapped at Si dangling bond midgap defects or 
are located in valence band tail.  

Since the source of asymmetry is still not defined and since a larger charge is 
collected when the top electrode is negative, during polarization, the data analysis 
was focused on the spectra obtained after polarization with the top electrode being 
negative.  

The TSDC spectra for SiO dielectric show the same pattern like the one 
presented in Fig.8 of [7], obtained in MOS capacitors. The TSD current is 
negligible up to almost 150 K and beyond this temperature increases with 
temperature. Apart from of this similarity we must emphasize that in the case of an 
MOS capacitor the TSDC current is also affected by the presence and modulation 
of the depletion layer. 
 

 
 

Fig. 3. Analysis of TSDC spectrum of PECVD LF SiNx film. 
 

The TSD current exhibits the same behavior in the case of SiNx, as already 
reported [8, 9]. In principle in all materials the spectra reveal that at higher 
temperatures dominates an isolated defect with a high concentration. The peak 
appears at temperatures higher than 450 K (see Fig. 1). This allows us to simplify 
Eq. 2 from which we can identify a linear region where, applying the Arrhenius 
law, we can estimate the activation energy of the resulting discharge current 
process. This is clearly shown in Fig. 2 and the calculated activation energy was 
fond to be about 0.22 eV. Here it must be pointed out that the almost continuous 
defect distribution is expected since it is well known that in MEMS the deposited 
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insulating films contain a large density of electrically active defects. These defects 
can trap negative and positive charges or both depending on their microscopic 
structure.  

In all cases the TSDC spectra were further analyzed in order to extract 
additional information. Depending on the material deposition method and nature of 
substrate, the number of monitored defects contributing to dielectric charging may 
change dramatically. Such examples are presented in Fig. 3 and 4 for LF SiNx and 
LTO SiO2 presented in Fig. 3 and 4 respectively. The analysis of all spectra and the 
identification of various contributing defects is not included in the present work. 
Instead of this emphasis has been given to the total stored charge and its 
dependence on substrate/bottom contact. The stored charge in the present work 
experiments can be calculated from: 
 

dTTIQ
T

T TSDC )(1 2

1∫=
β

                                                     (4) 

 

 
 

Fig. 4. TSDC spectrum of LTO SiO2 film. 
 

The stored charge was calculated from TSDC spectra integration in the 
temperature range of 200K to 450K. The charge dependence on the dielectric 
material and the bottom electrode composition is presented in Table II. Comparing 
the results of Table II, on a first approach the spectra integration reveal that the 
larger charge storage is observed in LTO independently of substrate/bottom 
electrode nature. The LPCVD SiNx seems to constitute another material with high 
charge storage, of similar magnitude with the one of LTO. All other dielectrics 
were found to store much lower charge when the bottom electrode was TiN. This 
effect is presently not well understood and is under further investigation. Finally, 
TEOS seems to be the material that exhibits the lowest charge storage. 
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Table. 2. Effect of bottom electrode 
 

Dielectric Bottom Electrode Charge (×10-7C) 
LPCVD Nitride Polysilicon 5.52 

TEOS Polysilicon 0.01 
PECVD Nitride HF Polysilicon 1.20 

LTO Polysilicon 4.55 
LTO Al 1% Si÷Ti÷TiN 8.70 

PECVD Oxide LF Al 1% Si÷Ti÷TiN 0.16 
PECVD Nitride HF Al 1% Si÷Ti÷TiN 0.16 
PECVD Oxynitride Al 1% Si÷Ti÷TiN 0.12 

 
In the case of oxynitride it has been already shown that the incorporation of 

O or N atoms into Si nitride or Si oxide films, respectively, improves the qualities 
of the insulating films [10]. The charge-trapping and carrier transport mechanisms 
of silicon-rich oxynitride (SRO:N) have been investigated by Z. Yu et al. [11]. 
Their study revealed that there are two conduction regimes-when the applied 
voltage is smaller than a threshold voltage VT, the current is dominated by the 
charge transfer between the SRO:N and substrate; while when the voltage is large 
than VT, Poole-Frenkel mechanism dominates the conduction. This conclusion 
seems to be in present work. The stored charge in PECVD oxynitride, when 
deposited on Al 1%Si+ Ti+TiN bottom electrode, is lower the one in PECVD 
oxide or nitride (Table II). Z. Yu et al. also reported that nitrogen incorporation 
increases the density of silicon nanodot in the bulk of the SRO: N layer a fact that 
needs further investigation.  
 

4. CONCLUSION  
The charging processes have been investigated in a wide range of materials 

deposited on two different substrates/bottom electrodes. The investigation revealed 
that the amount of stored charge depends strongly on the nature of bottom 
electrode. Specifically, the deposition of dielectric films on polycrystalline silicon 
seems to increase the amount of stored charge. On the other hand the deposition of 
the same materials on TiN seems to greatly decrease the stored charge. Among the 
deposited dielectrics, LTO suffers from excess charging that seems to be 
independent of the nature of the bottom electrode. Here the authors would like to 
emphasize that the presented results arise from an experimental work that is in 
early phase and further work is in progress.  
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Abstract. We shall describe in this article the technique of use the electrostatic 
force microscope like a tool for charging a dielectric and imaging. The images obtained 
enable us to represent the evolution of the charges according to time and this way of 
understanding the mechanisms of transport of the charges in the dielectric one. 

 
 

1. INTRODUCTION 
RF MEMS capacitive switches are enabling component technologies. 

However, in spite of excellent performance of these components, their deployment 
has been hindered by reliability problems.  

For electrostatic actuation, the major reliability problem is stiction between 
the metal layer (top electrode) and the dielectric layer covering the bottom 
electrode [1] [2] [3] [4] [5] [6]. When the bridge is in contact with the dielectric, 
charges are injected into the dielectric through the actuation voltage. When the 
bridge is straightened, the charges are spreading more or less slowly toward the 
counter-electrode depending on the nature of the dielectric. The retention of 
charges by the dielectric leads to a shift in the actuation voltage and then to a 
stiction failure. 

The optimization of the dielectric behavior, in view of reducing the charging 
problems, lead to a lot of experiments through fabrication and characterization of 
many switches with different dielectric. Among various proposed assessment 
methods the Electrostatic Force Microscopy (EFM) proved to be a powerful and 
efficient tool to study this charging problem. 
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Indeed the switch behavior in up and down position is close to the EFM 
configuration. In down position the biased EFM tip act as a local contact between 
the bridge and the dielectric and then deposit charges onto the dielectric surface. In 
up position, the tip scans the electrical properties of the charged area with an open 
circuit. The charge injection is achieved by positioning the metallic AFM tip above 
a chosen point of the scanned area, disengaging the feedback control of the probe, 
then lowering the tip toward the sample surface. The bias voltage can be then 
applied, for few seconds to several ten of minutes, between the tip and the sample 
grounded. The bias level can be fixed between -12 V and +12 V. In order to 
prevent any influences on the EFM data from the topography, a dual-pass scheme 
is usually adopted. First the topography is recorded in the tapping mode along a 
line scan. Next, phase information is recorded along the same line while the probe 
is lifted parallel to the topography at a constant height. This dual-pass technique 
assumes that the influence from the short-range forces can be ignored at the lift 
height, and only electrostatic force affects the oscillation amplitude, frequency or 
phase of the cantilever. However, it turns out that residual electrostatic force can 
still influence the topography measurement during the first pass, [6] and is critical 
for quantitative measurements. 

Electrostatic force microscopy (EFM) can map out the phase shift ( Δ φ ) of 
the cantilever directly linked to the electrical force gradient ⎟

⎠
⎞

⎜
⎝
⎛

dz
dF  which the tip 

feels using the relation of: 
 

( )2
2 σφ VV

k
Q

dz
dF

k
Q

tip −−=−≈Δ  
 

Where Q and k is the quality factor and the stiffness constant of the tip and V 
σ the potential created by the charges. The more detailed and practical information 
about EFM is discussed elsewhere [7]. Different methods were elaborated to 
quantify the amount of charge injected on dielectric surfaces. Most of these 
methods are based on the capacitance geometry tipdielectric-substrate, image 
charge method and analytical Green method [8]. 

The aim of the present work is to exploit the technology of EFM microscopy 
and investigate the charging and discharging processes in different material 
dielectric films. The distribution of resulting EFM signal and its evolution with 
time will be examined. 
 

2. EXPERIMENTAL 
Our experiment used a Veeco 3100 scanning probe microscope with a 

Nanoscope IV controller. Our measurement sample consisted of thermally silicon 
dioxide on silicon substrate (thickness: 100nm), PECVD silicon nitride (thickness: 
400 nm) on silicon substrate and low thermal silicon oxide (thickness 100 nm). The 
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EFM probe cantilever (Model: SCM-PIT) exhibiting a spring constant k: 1-5N/m, 
f0: 60-100 kHz. 
 

 
 

                                            a)                                                                     b) 
Fig. 1. (a) Real time evolution of tapped charge distribution 
after voltage stress (b) Evolution of phase drift with time. 

 
3. RESULT  AND  DISCUSSION 
Figure 1 present an example of recorded data by EFM. The charges were 

deposited during 60s by applying +12V on silicon nitride LF. X axis and y axis 
indicate the distance and measurement time, respectively. In Fig. 1b it is shown the 
evolution of peak phase shift, which in act is proportional to the square of surface 
potential.  

Two parameters are important to optimize measurements during the imaging: 
bias of the tip (V tip) and the lift of the tip (z). 

The choice lift height must hold account owing to the fact that the detection 
of phase is valid only for one operation in linear mode (low amplitudes of 
oscillation). 

The polarization of the tip highlights the contrast inversion between the 
positive charges and the negative charges.  

It turn out that the residual electrostatic force can still influence the 
topography measurement during the first pass, [9] (11] and is critical for 
quantitative measurements, especially for phase-shift measurements. 

We notice that the polarization of the point increases the sensitivity. The tip 
point does not affect significantly the apparent kinetics of discharge process. In fact 
the time constant increases by almost 50% with respect to the non bias tip. 

As shown in the figure, the phase-shift evolution in function of time (the 
phase-shift phase is proportional to the quantity of charges deposited on dielectric 
surface), indicating dissipation of the injected charge. After a time, the phase-shift 
is nullified indicating that the trapped charge decays to the background level. The 
dissipation of the trapped charge is actually due to the de-trapping and the drift, 
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under the presence of internal fields, and the diffusion current mechanisms towards 
the bottom electrode [11]. 

 

 

 

 

Fig. 2. graph of evolution of 
phase shift for negative charges 
deposited (-10V; 60s) in function 
of the lift z. 

Fig. 3. A series of line of the 
topographic image containing a 
charge. The arrow indicates the 
increasing of the amplitude oscillation 
set point. The charge was deposited in 
silicon oxide (thickness: 100 nm) with 
V Tip = -10V during 30s. 

Fig. 4. Evolution of phase-shift in 
function of time for four tips Bias 
(6V, 4V, 2V, and 0V). 
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A comparison of the decay process, for three different materials, is presented 
in Fig. 5. The materials were chosen on the basis of relative high leakage current, 
the low frequency SiN, and low leakage high frequency SiN. Both materials are 
compared with low temperature silicon oxide. The experimental data show that the 
decay process is faster in LF silicon nitride and much slower in HF SiN. The case 
of LTO can be considered as an intermediate one and further investigation is 
required. 

 
 

The profile of deposited charges indicates clearly that the diffusion process is 
very low. Practically the injected charges do not spread over the dielectric surface 
and the redistribution has most probably to be attributed to transport under the 
presence of internal electric fields. Here it must be pointed that the probability of 

Fig. 5. Phase-shift decay as a 
function of time with three 
dielectric materials (LTO, 
Silicon nitride LF and HF). 

Fig. 6. Evolution of profile of 
distribution of charges in 
function of time for SiO2 
dielectric (100 nm thickness).  
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charge trapped on the surface of dielectric, which tends to propagate towards the 
substrate, may not be overruled. 
 

6. CONCLUSION 
We have shown that the AFM can be a powerful tool to evaluate rapidly the 

dielectric charging into RF switches, using electrostatic force gradient imaging. 
These imaging were obtained by monitoring phase shift as a function of time. The 
parameters of charge deposition are: tip bias injection and time of injection. We 
have shown principally diffusion in depth of dielectric, and not lateral displacement 
of the packet of charge is observed. This clearly verifies that the mechanism of 
charge diffusion must not be taken into account in the charge redistribution in 
silicon nitride and LTO. 
 
References 
[1] G.M. Rebeiz, RF MEMS Theory, Design and Technology, Haboken, New Jersey: J. Willey 

and Sons, 2003. 
[2] C.L. GOLDSMITH, et al., Lifetime Characterization of Capacitive RF MEMS Switches, 

IEEE MTTS Int. Microwave Symp. Digest, 227, 2000. 
[3] S. MELLE, D. DE CONTO, L. MAZENQ, D. DUBUC, B. POUSSARD, C. BORDAS, K. 

GRENIER, L. BARY, O. VENDIER, J.L. MURARO, J.L. CAZAUX, R. PLANA, Failure 
Predictive Model of Capacitive RF-MEMS, Microelectronics Reliability, 45, pp. 1770–5, 
2005. 

[4] G. PAPAIOANNOU and J. PAPAPOLYMEROU, Dielectric Charging Mechanisms in RF-
MEMS Capacitive Switches, European Microwave Week, EuMIC, pp. 359–362, 2007. 

[5] M. LAMHAMDI, et al, Charging-Effects in RF Capacitive Switches Influence of Insulating 
Layers Composition, Microelectronics Reliability, 46, pp. 1700–1704, 2006. 

[6] G. PAPAIOANNOU, et al, Effect of Space Charge Polarization in Radio Frequency Micro-
Electro- Mechanical System Capacitive Switch Dielectric Charging, Appl. Phys. Lett., 89, 
pp. 103512, 2006. 

[7] C.H. LEI et al, Quantitative Electrostatic Force Microscopy-Phase Measurements, 
Nanotechnology, 15, pp. 627–634, 2004. 

[8] J. LAMBERT, G. de LOUBENS, C. GUTHMANN, and M. SAINT-JEAN, Dispersive 
Charge Transport Along the Surface of an Insulating Layer Observed by Electrostatic Force 
Microscopy, Physical Review B, 71, pp. 155418 1–6, 2005. 

[9] C. GUILLEMOT, et al, Imaging of Stored Charges in Si Quantum Dots by Tapping and 
Electrostatic Force Microscopy, Europhys. Lett., 59(4), pp. 566–571, 2002. 

[10] G.H. BUH, H.J. CHUNG, and Y. KUK, Real-Time Evolution of Trapped Charge in a SiO2 
Layer: An Electrostatic Force Microscopy Study, Applied Physics Letters, 79, pp. 2010–
2012, 2001. 

[11] M. YAN et al, A Quantitative Method for Dual-Pass Electrostatic Force Microscopy Phase 
Measurements”. Surf. Interface Anal., pp. 354–358, 2007. 



RF MEMS Dielectric Charging Effect Estimation Due to  
High Energy Electrons Irradiation 

 
 

V.G. THEONAS1, G.J. PAPAIOANNOU1, G. KONSTANTINIDIS2 
 

1University of Athens, Physics Department, Panepistimiopolis Zografos, 15784 Athens, 
Greece 

Phone: +302107276722 
2FORTH, Institute of Electronic Structure & Laser, Vassilika Vouton, 71110 Heraklion 

Crete, Greece 
Phone: +302810394142 

 
 

Abstract. MEMS based switches and actuators have emerged as a serious 
alternative to GaAs or Si based solid state devices, especially in microwave 
applications. SiO2, Si3N4, Al2O3 and other insulating films are used in MEMS 
technology. However, their tendency for electrostatic charging diminishes the device 
reliability. The charging effect becomes significant when these devices are subjected to 
ionizing radiation, especially when utilized in aero-space applications. The irradiation 
induced charging depends on the nature of irradiation, the vicinal metal layers and the 
metal-insulator interface properties. RF MEMS capacitive switch dielectric sensitivity 
to 0.1 MeV – 10 MeV electrons is presented, taking into account the simulation of total 
energy deposition by primary electrons and secondary photons and electrons generated 
within the device, in a M.I.M structure with different insulating layer composition and 
thicknesses. 

 
 

1. INTRODUCTION 
The MEMS based devices have attracted great interest, especially in the field 

of micromechanics. Up to now packaging and reliability issues are the major 
limiting factors that restrain the massive production of such devices. In 
microsystems technology, thin films materials of high insulation resistance, 
dielectric constant and breakdown field strength, are used in order to protect the 
devices against short-circuit. RF MEMS reliability is mainly restricted by the 
charging effect that occurs in the dielectric material of the devices. Parasitic charge 
buildup can become uncontrollable during handling, operation or storage of the 
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device, especially in a radiation rich environment which potentially enhances this 
effect [1]. 

There are several reports concerning the dielectric material charging effect of 
electrostatically actuated capacitive RF MEMS switches, operated in a radiation 
free environment. It is widely accepted that charges trapped or displaced during 
processing and/or during the actuation of the devices can result in their latching or 
selfbiasing [2-5]. The aim of our work is to investigate the MEMS dielectric 
charging effect, while subjected to electromagnetic and/or particle ionizing 
radiation. The target is to obtain a better understanding of RF MEMS and their 
sensitivity to ionizing radiation, by combining the information on dielectric 
polarization process [1-5] with simulations on charging due to ionizing radiation 
[6-8]. The goal of this work is to derive the origin of each contributing constituent 
to dielectric charging, which give arise from electron radiation, taking into account 
the charge kinetics in order to understand the degradation of these devices when 
they are operating or stored in radiation rich environment  
[10-14]. 
 

2. FAST  ELECTRONS  EARTH  ORBITAL  RADIATION 
It is well known that electronics on satellites must be hardened against 

radiation since for example an object satellite, shielded by 3 mm of Al, receive 
about 2500 rem/year. Earth orbital satellites operation is mainly affected by the 
Van Allen Radiation Belt, a torus of energetic charged particles (plasma) around 
Earth, held in place by Earth's magnetic field. Energetic electrons form two distinct 
radiation belts, while protons form a single belt. These belts are not only hazardous 
for artificial satellites and moderately dangerous for human beings, but also 
difficult and expensive to shield against. The outer belt consists mainly of high 
energy (0.1–10 MeV) electrons and less by ions in the form of energetic protons, 
alpha particles and O+ ions. The inner Van Allen Belt contains high concentrations 
of protons with energies exceeding 100 MeV and electrons in the range of 
hundreds of keV, trapped by the strong magnetic fields in this region. Energetic 
particles within these belts are capable of penetrating about 1 g/cm2 of shielding 
(e.g. 1 mm of Pb). 

Van Allen belts electron radiation effect on the dielectric film of RF MEMS 
devices operated in earth orbital space applications is the target of this work. 
Therefore, incident electrons beam was assumed to have energies 0.1, 0.5, 1.0, 5.0 
and 10.0 MeV in order to estimate the effect of the inner and outer Van Allen belt 
electrons interaction with the device. 
 

3. DESCRIPTION  OF  INSULATING  FILM  CHARGING 
The transport of electrons and other charged particles is fundamentally 

different from that of neutrons and photons. The interaction of neutral particles is 
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characterized by relatively infrequent isolated collisions, with simple free flight 
between collisions. By contrast, the transport of electrons is dominated by the long-
range Coulomb force, producing a “radiative” stopping power that besides energy 
loss, leads to angular deflections of the initial electron. Additionally a “collisional” 
stopping power decelerates the electron’s track in matter. Both collisional and 
radiative mechanisms result, is a large number of small interactions and a 
continuous energy loss procedure. In principle there are three basic electron energy 
loss mechanisms. The collisional electron – impact ionization, that generates 
secondary “knock–on” electrons in the material, the electron induced production of 
fluorescent X–rays and the emission of bremsstrahlung photons due to primary 
electron deceleration. Those secondary generated electrons (SE) and photons (SP) 
also interact with matter and may produce new particles within the device volume. 
For example fluorescent X–ray or bremsstrahlung photons may interact with matter 
and produce electrons due to photoelectric effect or Compton scattering. 
Consequently fast electrons irradiation and transport in matter is followed by a 
cascade of secondary particles generation that also deposit energy within the device 
active volume. 

This energy deposition is responsible for charge generation in the dielectric 
film. Induced charge distribution will depend on the insulator density, band gap, 
photons absorption coefficient as long as the contribution of each energy loss 
mechanism to the totally deposited energy and the structure of the device and the 
vicinal metal layers. 

When the secondary “knock – on” or photoelectrons and Auger electrons are 
extracted – emitted from atoms situated close to the dielectric surface, these 
electrons may escape into vacuum. Electrons escape length is determined by their 
kinetic energy and the density of the dielectric. The first effect of this process is the 
formation of a positively charged surface layer in the dielectric. The thickness of 
this layer corresponds roughly to the total path the corresponding electrons would 
have in the bulk and is greater than the Inelastic Mean Free Path (IMFP). On the 
other hand, those electrons energy deposition along their track before exiting the 
insulating film, lead to free carriers generation (production of e – h pairs) within 
the film. Escaping electrons and photons do not contribute further to carrier 
generation in the dielectric. The later is also valid for SE emitted from atoms 
located in the bulk of the film and cannot manage to escape. These electrons 
contribute to free carrier generation within the insulating film, but they do not 
change the ionization state of the film.  

In RF MEMS capacitive switches, the dielectric layer is deposited on a 
conducting substrate, the coplanar transmission line and above the dielectric lays 
the suspended bridge. Due to the higher density of metal bridge and transmission 
line, SE and SP generation by the incident fast electrons will be in principle 
stronger. Thus secondary electrons and photons generated mainly in the irradiated 
bridge and the (non irradiated) transmission line will be emitted into dielectric. 
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Dielectric escaped electrons that will be collected by metal electrodes will not 
contribute anymore to the dielectric charging effect, except if their energy is still 
large enough to generated Auger electrons close to the metals surface that have the 
possibility to be re-emitted in the dielectric. Finally, the dielectric escaped 
fluorescence photons may contribute to the generation of secondary electrons, part 
of which may be injected back into dielectric. This process is plausible since the 
transmission line is in contact with the dielectric film and bridge distance from the 
dielectric is of the order of few microns that diminishes the probability of 
scattering events of ejected electrons with the atmosphere atoms in the capacitor’s 
gap. Electrons injection from the adjacent electrodes will contribute to the 
generation of e – h pairs within the film, and it is possible to change dramatically 
the ionization state of the film. Since it is a dynamic process, the dielectric surface 
ionized layer may change polarity and the thickness of this layer will be 
determined by the balance between the corresponding IMFPs of the ejected and 
injected electrons. The presence of injected electrons will affect the charge status 
of ionized, due to Auger emission, dielectric atoms. The recovery from the charged 
state will be much faster due to the presence of the injected excess electrons. In any 
case this dynamic process and others such as charge trapping in defects and metal-
insulator interfaces as well as the effect of interface roughness are out of the scope 
of the present work, which focuses on the distribution of the ionizing radiation 
generated charge and the effect of the materials that are in the vicinity of the 
dielectric film. 

 
4. SIMULATED  DEVICE  STRUCTURE 
The structure of the device used in the simulation procedure is presented in 

Table 1. In order to understand the effect of fast electrons irradiation on capacitive 
RF MEMS switch dielectric film charging we study a Metal–Insulator–Metal 
(M.I.M.) structure, which allows the monitoring of contribution of adjacent metal 
electrodes to dielectric ionization and bulk charging. The dielectric materials 
chosen for investigation are SiO2 and Al2O3, based on their compatibility to RF 
MEMS technology [2]. 
 

Table 2. Simulated device structure 
 

Composition M.I.M. Structured Device 
Contact Bridge (Au) 100 nm 
Insulating Film 100 nm – 420 nm 
Transmission line (Au) 200 nm 
Cr 20 nm 
SiO2 substrate 5 μm 

 
As already mentioned, we estimated that the small capacitor’s gap between 

the metal bridge and the dielectric will not induce scattering events of ejected 
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electrons with the atmosphere atoms in the gap. Therefore we assumed that the 
metallic bridge is in contact to the dielectric film as it happens when the switch is 
on the “down” state. As long as we are focused in radiation induced dielectric 
charging effects, this M.I.M structure is representative for both “up” and “down” 
states of the device. Simulated device was considered to have an active area of 60 × 
60 μm2. The dielectric layer thickness was varied from 100 nm to 420 nm and 
consisted of cubic cells of 20 μm dimension. Finally, electron beam was assumed 
to be vertically incident on the surface of the metallic electrodes central cell, 
located to the center of the device’s contact bridge. 

Simulation was performed by the MCNP 4C Monte Carlo code [9]. Electrons 
transport, consist on large numbers of small interactions causing a great increase in 
computational complexity that makes a single–collision Monte Carlo approach to 
electron transport unfeasible. The MCNP algorithms are based in a variety of 
analytic and semi-analytic multiple-scattering theories for the transport of charged 
particles, using the fundamental cross sections and the statistical nature of the 
transport process to predict probability distributions for energy loss and angular 
deflection. These theories are the Goudsmit–Saunderson theory for angular 
deflections, Landau theory of energy loss fluctuations and the Blunck–Leisegang 
enhancements of the Landau theory. Finally, appropriate probability distributions 
are sampled for the production of secondary particles (electron induced fluorescent 
X–rays, “knock–on” electrons and bremsstrahlung photons). In order to follow an 
electron through a significant energy loss, the code breaks the electron's path into 
many steps. Τhe “condensed history” Monte Carlo method used by MCNP 
constitutes on the subsumption of the effects of many individual collisions into 
single steps that are sampled probabilistically. Hence the code takes into account 
all the possible mechanisms of electrons interactions with matter and calculates the 
SE and SP populations that also interact with matter. The MCNP code tally 
consists on the magnitude and distribution of ionization and energy deposited in the 
device layers, which is attributed to all the (primary and secondary) particles that 
lose energy in the device. The later gives the ability to calculate the e–h pairs 
concentration within the insulating layer. 

In Ref [15], there is a model describing the kinetics of free charge carriers 
induced in dielectrics by ionizing irradiation. The production rate of free electrons 
and holes is calculated by: 
 

DgG e
&& ⋅=                                                      (1) 

 

Ḋ is the dose rate and ge a proportionality coefficient (ge ≤ ρ/Εg), where Eg is 
the band gap and ρ is the insulator density. The calculation of free e-h production 
population in our work is based on the ratio of the deposited energy (Edep) and the 
energy to produce an e – h pair (ε) for a specific dielectric material. MCNP code 
(taking into account the insulator’s density) calculates the magnitude of Edep that is 
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attributed to all (primary and secondary) particles that lose energy in the insulator. 
On the other hand ε is a value well known for common dielectric materials 
(evaluated as a function of material’s Eg). Therefore the calculated free e-h 
population is more accurate because it evaluates the effective irradiation dose, 
taking into account not only the incident (primary) energetic particles but also it’s 
descendants that deposit energy to the insulator. 
 

5. RESULTS AND DISCUSSION 
The initial ionization state and free carriers concentration induced by fast 

electrons irradiation is attributed to both primary and secondary particles that 
escape or accumulate and lose energy within the dielectric film volume. For the 
examined device structure and for both dielectric materials, the dominant 
secondary electrons (SE) generation mechanism is impact ionization (≈95% of SE), 
followed by electron Auger mechanism (≈5% of SE). Electrons irradiation in 
devices with Al2O3 in the insulating film generates more SE within their volume 
due to its higher density than SiO2. Insulating film thickness increase (from 100 to 
420 nm), raise the SE generation rate for both materials and especially to the 
denser Al2O3. As the incident electrons energy raise, the SE generation rate is 
drastically decreased and PE and SE escape rate is raising, especially for the device 
containing the less dense insulator (SiO2) and the thinnest insulating film. Finally 
the calculated average (PE and SE) track mean free path in the insulating layer of 
the device is higher for the less dense insulator (SiO2) and the thinnest insulating 
film and is drastically increased as the PE energy raise. 

The secondary photons (SP) generation rate is very low in all of the examined 
cases (less than 0.5% of PE) indicating that SP contribution to dielectric ionization 
and charging is nearly negligible. The dominant SP generation mechanism is 
bremsstrahlung (≈ 70% of SP), followed by the electrons X-ray mechanism (≈30% 
of SE). 

 
 

Fig. 1. Energy deposited in Al2O3 and SiO2 films induced by one  
primary and all generated secondary electrons and photons, 

for all examined primary electrons energies, as a  
function of insulating layer thickness. 
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The above mentioned parameters affect the device and its dielectric layer 
ionization and charging. Simulation results indicate that radiation induced energy 
deposition that is responsible for dielectric bulk charging effect is higher for the 
denser insulator (Al2O3), raises almost linearly to the insulating film thickness 
increase and is more intense for the lower PE energy. On the other hand, insulating 
layer initial ionization state, that is controlled by the balance between the 
corresponding IMFPs of the insulator ejected and metal injected SE, was found to 
be negative in all examined cases, attributed to metal oriented SE accumulation 
within the insulating layer. The electrons radiation induced energy deposition in the 
examined insulating layers is presented in Fig. 1. Insulating film thickness increase, 
raise the energy deposition. The most “productive” PE energy among those 
examined is 100keV. The results for PE energies grater than 1MeV are almost 
identical due to the large track mean free path of PE and SE in the insulating layer. 

Figure 2 illustrates the irradiation induced ionization distribution to the 
insulating film constituent by the densest examined insulator (Al2O3). Ionization 
distribution profile is similar for both examined materials, indicating that there is a 
strong (metal oriented) SE accumulation within the insulating layer. 
 

 
 

Fig. 2. Normalized ionization distribution in Al2O3 film induced  
by one 100keV primary electron (PE), for all examined 

insulating film thicknesses (100–420 nm). 
 

Figure 3 illustrates the irradiation induced normalized energy distribution to 
the insulating film constituent by the densest examined insulator (Al2O3) for the 
most “productive” PE energy. Energy distribution profile indicates that energy 
deposition is more intense in the region near the metal–insulator interfaces, 
especially in the vicinity of the irradiated contact bridge. 
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Fig. 3. Normalized distribution of energy deposited in Al2O3 
film, induced by one primary and all generated secondary 

electrons and photons, for all examined insulating film 
thicknesses (100–420 nm). 

 
6. CONCLUSION 
The amount of energy deposited within the dielectric layer of an RF MEMS 

MIM structured (capacitive) switch by incident radiation and consequently the free 
carriers concentration that will finally determine the dielectric charging effect are 
strongly affected by the kinetics (population and energy during transport) of 
secondary electrons (SE) that incident fast electrons (PE) generate within the 
device layers.  

Simulation results indicate that less energetic primary fast electron 
interactions with matter generate higher amount of SE within the device. Each one 
of these SE is free to propagate within the device layers. Fast electrons during their 
transport undergo continuous energy deposition (dE/dx) along their track to the 
target material, regardless of the outcome of the track (electron escapes to vacuum 
or it is captured and accumulates in a device layer). 

The distribution of the induced ionization within the dielectric layer of the 
examined device, indicate that the phenomena is dominated by SE electrons 
injection by both the metallic electrodes of the device, towards the insulating film. 
The SE injection is more intense by the irradiated contact bridge, than from the 
non-irradiated CPW or MSL transmission line. The backscattering SE injection 
from the transmission line towards the dielectric film is reducing as the PE energy 
rise. 
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The selected simulation procedure gives the ability to calculate the initial 
charging – ionization state of an RF MEMS capacitive switch dielectric film, 
taking into account the magnitude, concentration and distribution of: (a) the free 
carriers (e – h pairs) that will be the dominant charging population in the dynamic 
state of the device and (b) the PE and SE that escape or accumulate within the 
insulating layer, causing the film’s ionization profile. 

The sign and magnitude of the local charge region that will be finally formed, 
under an applied electric field, within the dielectric film of the device, will be 
strongly affected by the material’s trapping parameters and determined by the ratio 
of trap concentration and carriers hopping mobility. 
 
References 
[1] S.S. MCCLURE, L.D. EDMONDS, R. MICHAILOVICH, A.H. JOHNSTON, P. ALONZO, 

J. DeNATALE, J. LEHMAN and C. YUI, IEEE Trans. in Nuclear Science, 49, p. 3197, 2002. 
[2] T. LISEC, C. HUTH AND B. WAGNER, Proceedings of 34th European Microwave Conf, 

IEEE CNF, 1, p. 73, 2004. 
[3] X. ROTTENBERG, B. NAUWELAERS, W. De RAEDT and H.A.C TILMANS, 

Proceedings of the 34th European Microwave Conference, IEEE CNF, 1, p. 77, 2004. 
[4] M. EXARCHOS, V. THEONAS, P. PONS, G.J. PAPAIOANNOU, S. MELLE, D. DUBUC, 

F. COCETTI, and R. PLANA, Journal of Microelectronics Reliability, 45, p. 1782, 2005. 
[5] G.J. PAPAIOANNOU, M. EXARCHOS, V. THEONAS, G. WANG and J. 

PAPAPOLYMEROU, IEEE M.T.Ts, 53, p. 3467, 2005. 
[6] V. THEONAS, M. EXARCHOS, G.J. PAPAIOANNOU and G. KONSTANTINIDIS, 

Sensors and Actuators, 132, p. 25, 2006. 
[7] J. CAZAUX, Journal of Microscopy, 188, p. 106, 1997. 
[8] J. CAZAUX, Journal of Appl. Physics, 89, p. 8265, 2001. 
[9] US Los Alamos National Laboratory, http://wwwxdiv. lanl.gov/x5/MCNP/index.html. 
[10] R.A. BARAGIOLA, M. SHI, R.A. VIDAL and C.A DUKES, Physical Review B, 58, p. 

13212, 1998. 
[11] M.D. VIOLET and A.R. FREDERICKSON, IEEE Transactions in Nuclear Science, 1993. 
[12] G.L. WRENN, J. on Spacecraft & Rocket, 32, p. 514, 1995.  
[13] [13] S.T. Lai, Proceedings of the 6th Spacecraft Charging Technology Conference, 1, p. 49, 

2000. 
[14] A.R. FREDRICKSON, Brazil J. of Phys, 29, p. 241, 1999.  
[15] O.A. PLASKSIN, et al, Radiation-Induced Electrical and Optical Processes in Materials 

Based on Al2O3, Journal of Nuclear Materials, 271-272, pp. 496–501, 1999. 





Effect of Environment Humidity on the C-V 
Characteristics of RF-MEMS Capacitive switch 

 
 

Zbigniew OLSZEWSKI, Russell DUANE, Conor O’MAHONY 
 

Tyndall National Institute, Lee Maltings, Prospect Row, Cork, Ireland  
Phone: +353 21 4904112 

E-mail: zbigniew.olszewski@tyndall.ie 
 
 

Abstract. Measurements of the C-V characteristics of oxide-based RF-MEMS 
switches in humid-air and dry-air environment, before and after dc bias stress, are 
reported. It is shown that humidity affects the device behaviour and can determine the 
direction of the C-V characteristic drift. We report for the first time that the entire C-V 
curve “shifts” when the device operates in a humid environment and “narrows” when 
the environment is dry. 

 
 

1. INTRODUCTION 
Radio-frequency microelectromechanical capacitive switches (RF-MEMS) 

are high performance devices with applications in telecommunication systems [1]. 
The capacitance-voltage (C-V) characteristic of these devices shows threshold 
voltages at both forward and reverse bias as the switch is turned ON and then OFF 
at the pull-in (VPI) and pull-out (VPO) voltages, respectively. The C-V curve 
changes during the switch operation and this has received much attention in the 
literature. 

Early work showed that the forward and reverse thresholds shift in the same 
direction [2]-[3]-[4]; this is referred to as the C-V shift effect. Recent work [5]-[6]-
[7] showed another instability effect, namely, a C-V curve narrowing that occurs 
when the thresholds decrease in magnitude. Although both effects were attributed 
to dielectric charging, it is uncertain why different authors observe different 
effects. To explain these results various interpretations of the dielectric charging 
phenomenon in RF-MEMS were proposed. Moreover, published data usually relies 
on different test structures and measurement conditions which is a further cause of 
discrepancies. 
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Even though it was shown in [8] that humidity may shorten the lifetime of the 
switch, its influence on the C-V curve drift was not shown. For this reason we 
provide a simple experiment to show that humidity significantly affects the C-V 
performance of the switch. 
 

2. CAPACITIVE  SWITCH  BACKGROUND 
In their most basic form, MEMS capacitive switches consists of a movable 

top electrode (bridge or membrane) suspended above a dielectric-coated CPW 
(coplanar waveguide) transmission line (see Fig. 1a). The design of the switch 
involves balancing of the electrostatic force (Fel) and the mechanical restoring force 
(Fk) used to close and open the switch, respectively. If the magnitude of the applied 
voltage (V) exceeds pull-in (VPI), an electrostatic force (Fel) induced on the top 
electrode is greater than the mechanical force (Fk) and the electrode collapses onto 
the dielectric. Then, the capacitance of the device rises sharply. To open the switch 
and decrease the capacitance, the applied voltage must be reduced until the pull-out 
is reached (VPO). In the high capacitance state (switch closed) the RF signal is 
coupled to the ground, while in the low capacitance state (switch open) the RF 
signal passes through the device. 

The capacitance and threshold voltages of the switch are defined by a 
common area between the top electrode and the signal line, air-gap height and the 
dielectric thickness and its permittivity. Since, the electrostatic force is proportional 
to the square of voltage (Fel ∞ V2) the ideal operation characteristic of the switch is 
symmetrical about 0V as shown in Fig. 1b). However, RF-MEMS reliability 
studies have shown that during switch operation the electrical properties of the 
dielectric change due to the dielectric charging phenomenon [2]-[8].  
 

 
 

                                           a)                                                                                b) 
Fig. 1. (a) Schematic of MEMS capacitive switch, (b) ideal C-V 

operation characteristic for forward and reverse bias voltage. 
 

The presence of parasitic charge (σP) in the dielectric appears as an additional 
voltage source (VP) that distorts the electrostatic force in the air-gap of the device 
(Fel), which then is proportional to (V-VP)2. As a result, the threshold voltages 
(pull-in and pull-out) drift, this ultimately leads to device failure by stiction or 
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screening. In the first case, the switch fails in the closed position; the membrane 
stays in the down state even if the applied voltage is reduced to zero. In the second 
case, the switch fails in the open position; the membrane remains in the up state 
after bias voltage application. The direction of the threshold voltage change 
depends on the sign of VP that is determined by the net polarity of parasitic charge 
(σP) and how the bias voltage polarity is defined with respect to the switch 
electrodes. 
 

3. EXPERIMENT  AND  RESULTS 
In our experiment we measure the C-V of the switch before and after dc bias 

stress was applied. However, in contrast to previous work which reports on 
measurements in either dry or humid ambient, we show results for both 
environments and at similar bias stress conditions. Therefore, we can directly 
observe the effect of humidity on C-V variation. The switch used in this work was 
built using a surface micromachining process and consists of a 100×100μm2 
membrane suspended by four springs above a CPW transmission line (see Fig. 2). 

The CPW is coated with 130 nm-thick PECVD (Chemical Vapor Deposition) 
SiO2. The membrane and CPW material are aluminium and aluminium/1%-silicon, 
respectively. The air-gap in the open state is around 1.5 μm. Due to process 
variation (i.e. variation of material residual stress and sacrificial layer thickness) 
the pull-in voltage varies across the wafer with a standard deviation of 1.2 V 
measured over ten random devices. 
 

 
 

 
Fig. 2. SEM image of typical RF-MEMS capacitive 

switch used in this work. 
 

The measurements were performed in room temperature by wafer probing on 
a Cascade Summit-1200 station with the wafer placed in the environment chamber. 
The system is equipped with an air-dryer that is capable of reducing the relative 
humidity of air to a dew point of -70oC (RH=0.01%). The mean humidity of the lab 
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environment was 60% and when the air-dryer was turned off this level was 
measured inside the chamber. These conditions are later referred as dry-air and 
humid-air, respectively. The C-V measurements were performed with an Agilent-
B1500A using a test signal of 100 kHz and 50 mV. A bias is applied between the 
membrane and the signal line and at the reverse bias the voltage at the membrane is 
negative and vice versa for the forward bias. The voltage sweep rate was 5 V/s with 
a step of 0.1V. 

 
 

Fig. 3. C-V curves of the switch before and after a bias stress 
(-20V) applied for 60 seconds and performed in  

humid-air environment. 
 

C-V characteristics of two similar switches measured in humid and dry 
environment are shown in Fig. 3 and 4, respectively. Each figure includes two C-V 
measurements taken by a voltage sweep from -20V to +20V and back to -20V. 
After the initial C-V measurement the device was stressed with a bias of -20V for a 
period of 60 seconds, then the second C-V was taken. 
 

 
 

Fig. 4. C-V curves of the switch before and after a bias stress 
(-20V) applied for 60 seconds and performed  

in dry-air environment. 
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Figure 3 and 4 show that the operating characteristic of the switch behaves 
differently after the same bias stress condition and measurement sweep but in 
different test environment. After the stress applied in humid-air the characteristic 
has “shifted” (four thresholds moved in the same direction), while after the stress in 
dry-air the characteristic has “narrowed” (four thresholds moved towards the center 
of the plot). Although the device behaviour is different in both environments the 
failure mechanism due to stiction is common in each case. In Fig. 3 the positive 
pull-out voltage (+VPO) moves slightly to below 0V, whereas, in case of results 
from Fig. 4 the negative pull-out (-VPO) moves to above 0V. 

From electrostatic theory, it is known that parasitic charge can shift the 
threshold voltage of the switch laterally, and that the direction of this shift depends 
on the net polarity of the charge and how the bias voltage polarity is defined with 
respect to the electrodes. In general, the electrostatic force required to pull-in or 
pullout the membrane decreases (absolute value of VPI or VPO decreases) when the 
dielectric charge is of opposite polarity to the polarity of the membrane and 
increases when these polarities are the same. This corresponds to a shift of the 
entire C-V curve laterally to the left and to the right by negative and positive fixed 
parasitic charge (not changing with time), respectively. This regularity has been 
experimentally confirmed in [9] for both polarities of charge which was fixed at the 
dielectric surface. Therefore, we can deduce that the shift of the C-V curve seen in 
Fig. 3 is induced by the negative fixed parasitic charge (not changing within time 
of the C-V measurement) which was injected into the dielectric from the membrane 
during the stress time. Note that the polarity of parasitic charge is the same as the 
stress voltage (or charge on the membrane). Nevertheless, the narrowing effect 
seen in Fig. 4, obtained in a dry-air environment but after the same bias stress 
condition, can not be explained in a similar way. A theoretical explanation of this 
effect was proposed by Rottenberg [6]-[10] based on the assumption of non-
uniformities of the dielectric charging and air-gap distribution. Another study 
presented experimentally that besides dielectric charging, mechanical degradation 
known as fatigue [11] and creep [12] can also cause the narrowing effect, 
depending on the type of applied stress. An investigation of the physics of the 
narrowing effect is currently being undertaken by the authors. 

Figure 5 shows absolute value of the negative pull-in voltage during the 
lifetime test of 110 successive voltage sweeps from 0V to -25V. The environment 
humidity during this test varies as indicated in the figure. It can be observed that 
the pull-in change corresponds to the behaviour observed in Fig. 3 and 4 and 
depends on the environment condition. 
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Fig. 5. Absolute value of negative pull-in during the lifetime 
test of 110 successive voltage sweeps from 0 to -25V. 

 
4. CONCLUSION 
In conclusion, we have shown that humidity significantly affects the C-V 

performance of an RFMEMS capacitive switch. It can be observed that after 
identical bias stress conditions the C-V curve “shifts” in humid environment while 
it “narrows” when the environment is dry. The results also demonstrate that 
although both effects raise similar reliability concerns due to device stiction, the 
root physical degradation mechanism can be different depending on test 
environment. Moreover, it is important to note that both polarity thresholds should 
be taken into account when physical interpretation of the C-V degradation 
mechanism is undertaken. 
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Abstract. Recently deep submicron and SiGe (silicongermanium) bipolar 
CMOS technologies have enhanced the performance of Si-based radio frequency (RF) 
integrated circuits up to microwave frequencies. The integration of RF MEMS 
components, such as inductors and capacitors, could further improve the performance 
of key RF circuit blocks such as voltage controlled oscillators (VCO), low-noise 
amplifiers, filters, mixers, and power amplifiers. We have developed a process to 
integrate RF MEMS inductors with standard commercial CMOS dies. The purpose of 
this work is to present the integration of MEMS inductors with VCOs fabricated in a 
0.18 μm standard CMOS technology. 

 
 
 

1. INTRODUCTION 
WIRELESS systems today typically require a number of off-chip electronic 

devices in addition to the integrated circuits that carry most of the circuitry. 
External LC (inductor-capacitor) tanks and quartz reference oscillators are 
examples of common elements in transceiver architectures that are implemented 
off-chip. However, with the ongoing need for further miniaturization and higher 
performance, the replacement of these off-chip parts by monolithically integrated 
devices based on micromachining and microelectromechanical systems (MEMS) 
technology represents an increasingly attractive prospect, and there are many 
efforts in this direction [1-3]. Integrated MEMS components, such as high-Q 
inductors, have the potential to increase significantly the performance of key RF 
(radio-frequency) circuit blocks such as voltage controlled oscillators (VCO), low-
noise amplifiers, filters, mixers, and power amplifiers. The performance of these 
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blocks at high frequency is limited by resistive and dielectric losses, resonant 
effects, dispersion, and parasitic radiation of the inductors. Key performance 
parameters for integrated reactive components are the quality factor (Q) and 
resonant frequency. Higher Q components help minimize RF power loss, reduce 
noise, and lower dc power consumption of RF integrated circuits. 

We have developed a process to integrate RF MEMS inductors with standard 
commercial CMOS dies. In this paper we demonstrate the integration of MEMS 
inductors with VCOs fabricated in a 0.18 μm standard CMOS technology [4]. The 
dies are embedded in device-layer cavities defined in a 100 mm-dia. BSOI 
(Bonded Silicon On Insulator) carrier wafer by deep reactive ion etching (DRIE). 
The device layer thickness is chosen to match the nominal die thickness, and the 
cavity depth is finely adjusted by thinning the device layer so that top surface of 
each die lies within ±2 um of the surface of the carrier. Once the dies have been 
placed, a layer of photoresist is spin-coated over the carrier [5] to fix the dies in 
place and planarize the top surface. Windows are opened in this layer to allow 
electrical and mechanical contact to the underlying dies carrying VCO circuitry. In 
this way, fabrication of MEMS inductors by patterned electroplating can be 
achieved on pre fabricated VCOs as on a bare silicon wafer. A self-assembly 
MEMS method for the fabrication of inductors in the vertical orientation has been 
used [6]. Self-assembled inductors of this type have higher Q [7] which is expected 
to result in lower VCO phase noise. This technology has the advantage of 
providing monolithic integration of state-of-the-art RF MEMS inductors with any 
standard CMOS technology without being constrained to particular silicon or 
compound-semiconductor platforms and also irrespective of wafer size. 
 

2. DIE  CARRIER  PROCESS 
Use of a die carrier allows simultaneous processing of multiple dies, and 

better compatibility with process equipment and wafer handling techniques. It also 
has the potential to embed different types of CMOS dies, and is compatible with 
any wafer size. The process in this case used 100 mm-diameter BSOI starting 
wafers, comprising 300 μm-thick device layers and 380 μm-thick handle layers, 
separated by 1 μm of buried SiO2. The key steps in the die carrier process are 
illustrated in Fig. 1. 

Firstly, alignment marks are formed, either in a thermally grown oxide layer 
on the top surface of the BSOI wafer, or by shallow etching of the silicon. Deep 
reactive ion etching (DRIE) with an STS Multiplex ICP etcher is then used to form 
cavities in the device layer. By adjusting the passivation and etching cycles, the 
DRIE process has been optimized to produce near-vertical sidewalls when stopping 
on the buried oxide layer. The cavity sizes are closely matched to the die 
dimensions to ensure placement of the dies to within ±15 μm. 
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Following the cavity DRIE, the dies are placed, and a thin layer of photoresist 
is deposited by spin-coating to fix them in place and planarize the top surface. 
 

 
 

a) Pattern oxide; spin and pattern resist 
 

 
 

b) Si DRIE to from cavities 
 

 
 

c) Place dies 
 

 
 

d) Spin & pattern planarization resist 
 

 
 

e) Electroplate gold interface pads 
 

 
 

f) Strip mould; etch seed layer 
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g) Deposit sacrificial layer; electroplate inductors 
 
 

 
 

h) Deposit hinge 
 
 

 
 

i) Overcoat hinges with gold 
 
 

 
 

j) Release structures 
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k) Reflow hinges to self-assemble inductors 
Fig. 1. Fabrication process flow for inductors on CMOS dies. 

 
 

 
 

Fig. 2. BSOI carrier with embedded CMOS dies. 
 

In this research the UMC foundry service was used for CMOS die 
fabrication. A 0.18 micron silicided CMOS process was chosen, with up to 6 metal 
layers, 1 poly layer, and a high resistance layer. Stacked contacts are supported, as 
are MIM capacitors (metal 5 to metal 6, 3 pF total capacitance, 55 × 55 μm2 area). 
The process is for 1.8 volt bias applications, although 2.5 volt thick transistors are 
also available. The dies fabricated were 5200 × 5200 × 284 μm3 in size, and carried 
a number of different voltage controlled oscillators for operation up to 5 GHz [4]. 
These were designed specifically for operation with our self-assembled MEMS 
inductors. Fig. 3 shows low- and high-magnification images of CMOS dies 
containing VCO circuits. 
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Fig. 3. CMOS die with VCO circuit. 
 
 

In steps e and f of the process flow in Fig. 1, metal pads are deposited on the 
CMOS which will form the mechanical and electrical interface to the MEMS 
structures. In this work gold was chosen as the material for these interface pads 
because the aim was to realize low-loss RF MEMS components over CMOS. The 
mask used to define the mould was the same as that used to open the windows in 
the planarization layer, so that the plated pads were formed over the CMOS contact 
pads.  Fig. 4 shows a CMOS die following these process steps. 
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Fig. 4. Gold pads on CMOS die. 
 

3. INTEGRATION  OF  SELF-ASSEMBLED 
    INDUCTORS 

Self-assembled inductors were fabricated using process steps g to k in Fig. 1. 
First, a sacrificial resist layer was deposited and patterned using the interface pad 
mask. The resist height was chosen to be around 0.5 μm greater than that of the 
gold pads. A sputtered Ti/Cu (titanium/copper) seed layer was then deposited, and 
the inductors formed by gold electroplating into a mould formed in Shipley S1828 
photoresist (step g). Fig. 5 shows a 4 μm-thick gold electroplated inductor on a 
CMOS die. 
 

 
 

Fig. 5. MEMS inductor prior to deposition of hinge. 
 

The meltable hinges required for the self-assembly process were formed by 
electrodeposition of pure tin into a new photoresist mould (step h). Prior to this 
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step a thin nickel barrier layer or “pedestal” was deposited in the hinge region to 
ensure lateral containment of the Sn during reflow, and to prevent interdiffusion 
between the Sn and the underlying gold. The Ti/Cu seed layer was also removed 
from the hinge region at this stage. After plating of the hinges, a 200 nm-thick gold 
layer was deposited over them to protect the tin from oxidation before and during 
reflow (step i). Figure 6 shows lowand high-magnification images of 6 μm-thick tin 
hinge which is protected by a very thin layer of gold.  

A shielding resist layer was deposited over the entire wafer, and the carrier 
wafer was diced to separate out the processed dies. Release of the inductor 
structures (step j) was carried out on individual dies by dry or wet etching of the 
photoresist layers, and wet etching of the seed Ti/Cu layer. Finally, the dies were 
placed in a chamber and the tin hinges were reflowed to self-assemble the 
inductors (step k). 
 

 
 

Fig. 6. Electroplated hinge for self assembled inductor. 
 

 
 

Fig. 7. Self-assembled inductor after solder reflow. 
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Figure 7 shows the SEM image of a self-assembled inductor, successfully 
released by this process. The inductor orientation is about 70o from the surface of 
CMOS circuit. The inductor is a meander of size 500 μ 560 μm2 with 5.5 turns and 
a line width of 15 μm. Some preliminary DC measurement has been performed on 
CMOS VCO circuit with MEMS inductors (Fig. 8). DC current consumption 
before and after MEMS processing is about 6 mA in both cases, indicating that the 
MEMS process steps do not destroy the CMOS circuits. Full electrical 
characterisation of inductors on RF circuits is in progress. 
 

 
 

Fig. 8. VCO circuit with MEMS inductor. 
 
 

4. CONCLUSION 
In this paper a new method has been introduced for die level integration of 

RF MEMS components with CMOS circuits. This technology has the advantage of 
providing monolithic integration of state-of-the-art RF MEMS components such as 
inductors, capacitors, and switches etc with any standard CMOS technology 
without any constraint of Si or compound-semiconductor platforms and also 
irrespective of the wafer size. This process alos offers possibilities for integration 
of other vertical or multi-level components or structures for RF MEMS, and for 
integration on multiple types of pre processed dies, including GaAs, SoI and 
others. 
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Abstract. The paper presents an experimental method useful to characterize a 
multiport circuit, in particular a MEMS (Micro-Electro-Mechanical System) matrix, 
using a two-port VNA (Vector Network Analyzer). As example, the method is applied 
for a four-port circuit (a coupler). The results obtained by using this method and the 
expected results obtained by simulation are in good agreement. 

 
 

1. INTRODUCTION 
Due to the increasing of circuit complexity for the communication 

technology, more and more switches are integrated, for reconfiguration as well as 
for the system redundancy. In this context, during the last years, a few 
configurations of MEMS (Micro-Electro-Mechanical System) matrices have been 
reported [1]-[4]. 

The experimental characterization of microwave multiport circuits, like 
MEMS matrix, could be made by using a two-port VNA (Vector Network 
Analyzer) based connectors, by matching the other n − 2 ports to 50Ω, where n is 
the number of ports. This solution may be easily applied for hybrid circuits. 
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For MMICs (Monolithic Microwave Integrated Circuits), a characterization 
method using two-port VNA based connectors is not longer a comfortable solution. 
This is because mechanical test fixtures must be realized, useful for experimental 
characterization only. Therefore, other solutions involving on-wafer 
characterization methods are necessary to be developed. One way is to realize a set 
of circuits, each one having n − 2 ports ended on 50Ω thin-film resistors. 
Unfortunately, this technique is not more accurately because for these loads 
connected to the n − 2 ports, the frequency behaviour, but also the impedance value 
to a particular frequency, cannot be known accurately. 

In this paper, it is proposed an experimental characterization method for a 
multiport circuit, using a two-port VNA, when the other ports are let open. For this 
method, successive re-normalization of the circuit scattering parameters matrix is 
performed, computing also the load impedances for the open-ended ports. A 
similar method may be found in [5] (see also [6]), but here the load impedances 
connected to the ports (different from 50Ω) must be known. The proposed method 
is applied for a four-port circuit (a coupler), showing a good agreement between 
the results obtained by applying the proposed technique and the expected ones 
obtained by simulation. 
 

2. METHOD DESCRIPTION 
The proposed method to characterize a circuit having n ports consists of 

)!2(!2
!2

−
==

n
nCm n  set of measurements, performed for each frequency. Each set 

of measurements is a two-port measurement, obtaining m scattering matrixes, Si−j, 
where i and j are the port number. The scattering matrices Si−j must be 
renormalized to the impedance corresponding to the loads connecting to the each 
port (the ports are open-ended in this method), obtaining m scattering parameter 
matrices, S'i−j, accordingly to the formula: 
 

S'i-j = (I2 – Γi-j)-1
 · (Si-j – Γi-j) · (I2 – Γi-j · Si-j)-1

 · (I2 – Γi-j)                (1) 
 

where 
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and Γi, Γj are the reflection coefficients to the ports i and j , computed for the case 
when these ports are openended (the reference impedance being 50Ω), while I2 is 
the unity matrix of order two. 

Because each port is open, then, the load impedances, or the reflection 
coefficients to the each port are not known before. Therefore, first of all, the 
reflection coefficients to the all n ports, Γ1 ,…, Γn must be computed (theoretically 
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these reflection coefficients are equal to 1, but these values must be known more 
accurately). These reflection coefficients may be computed, minimizing the 
following functions: 
 

f k
(1) = S'1-2 [1,1] - S'1-k [1,1],  k = 3,…,n 

 

f k
(2) = S'1-2 [2,2] - S'2-k [1,1],  k = 3,…,n                              (2) 

 

f k
(3) = S'1-3 [2,2] - S'3-k [1,1],  k = 4,…,n 

                                   ……. 
                               f  (n-1) = S'1-(n-1) [2,2] - S'(n-1)-(n) [1,1] 
 
where S'i− j [1,1] is the element of the ' S'i− j matrix from the first row and the first 
column, while S'i− j [2,2] is the element of the ' S'i− j matrix from the second row and 
the second column. 

In (2), the following analytical expression for S'i− j [1,1] and S'i− j [2,2] may be 
used (which were developed from (1)): 

 

[ ]
B
A1,1' =j-iS                                                        (3a) 

and 

[ ]
B
C2,2' =j-iS                                                 (3b) 

where: 
 

A = (Si-j [1,1] – Γi) · (1 - Si-j [2,2] · Γj) + Si-j [1,2] · Si-j [2,1] · Γj 
 

C = (Si-j [2,2] – Γi) · (1 - Si-j [1,1] · Γj) + Si-j [1,2] · Si-j [2,1] · Γj 
and 
 

B = (1 - Si-j [1,1] – Γi) · (1 - Si-j [2,2] · Γj) - Si-j [1,2] · Si-j [2,1] · Γi · Γj 

 
Using (3) in (2) the reflection coefficients, Γ1 ,…, Γn , may be obtained. 
Therefore, the all n matrixes Si-j have been obtained numerically with (1), so, 

the matrix for the n -port circuit having the all ports open-ended has been 
constructed as follows: 
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Finally, the scattering matrix of the circuit is renormalized from the load 
impedances corresponding to the open ports, to 50Ω, using the formula: 
 

S = (In – Γ)-1 · (S' – Γ) · (In – Γ S')-1 · (In – Γ)                       (5) 
 

where In is the unity matrix of order n and 
 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

nΓ-

Γ-
Γ-

  Γ

...00
............
0...0
0...0

2

1

 

 
3. EXAMPLE  FOR n =4 
The characterization method presented in the previous section has been 

applied for a test four-port circuit, in particular for a coupler. 
In this case, 6 sets of measurements have been performed on the coupler, for 

each frequency into the analysis frequency bandwidth. Each set of measurements is 
a two-port measurement, obtaining the following 6 scattering matrices Si− j : S1−2, 
S1−3, S1−4, S2−3, S2−4 and S3−4. 

Knowing the scattering matrices Si− j, the six scattering parameter matrices, 
S'i− j, normalized to the impedance corresponding to the case when the ports are 
open, may be computed accordingly to the formula (1), if Γ1 ,…, Γ4 are known. 

The reflection coefficients to the all four ports, Γ1 ,…, Γ4 has been computed, 
by solving the following equation system (obtained from (2), for n =4): 
 

S'1-2 [1,1] = S'1-3 [1,1] 
 

S'1-2 [1,1] = S'1-4 [1,1]                                             (6) 
 

S'1-2 [2,2] = S'2-3 [1,1] 
 

S'1-2 [2,2] = S'2-4 [1,1] 
 

where, the signification of S'i− j [1,1] and S'i− j [1,1]has been explained in section 2. 
It may be shown that imposing (6), the conditions: 
 

S'1-4 [2,2] = S'3-4 [2,2],   S'2-4 [2,2] = S'3-4 [2,2], 
 

S'3-4 [1,1] = S'2-4 [2,2], and S'3-4 [1,1] = S'1-3 [2,2], 
 

 

are also fulfilled. In (6), the analytical expression for S'i− j [1,1] and S'i− j [2,2] 
have been obtained by using (3). 

The equation system (6) has been solved in MATHCAD software, obtaining 
the reflection coefficients Γ1 ,…, Γ4. 
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Then, the all 6 scattering matrixes S'i− j have been obtained numerically with 
(1), such as the four-port matrix of the circuit having the all ports open-ended has 
been constructed, accordingly to (4), for n =4, as follows: 
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The scattering matrix of the circuit was finally obtained using (5). 
 

4. NUMERICAL  AND  EXPERIMENTAL  RESULTS 
For the measurements performed on the test circuit, a network analyzer (HP 

8510C) and an on-wafer probe heads station (Karl Süss PM5) have been used. The 
simulated magnitudes of the scattering parameters S11, S21, S31 and S41 for the test 
circuit (a coupler) are shown in Fig. 1 (obtained by using IE3D-Zeland software). 

The experimental results of the coupler were obtained by following the 
algorithm presented in sections 3, for each frequency.  

 

 
 

Fig. 1. Simulated scattering parameters, for the four-port test 
circuit (a coupler). 

 
These results are presented in Fig. 2 for the magnitude of the scattering 

parameters S11, S21, S31 and S41. 
Fig. 3 shows the simulated and the experimental results for the phase 

difference between the coupled port and the through port.  



S. Simion, et al, 368

By analyzing Figs. 1 and 2, for the frequency bandwidth of 10–12 GHz, the 
experimental coupling is 5 dB +/- 1dB, being in good agreement with the simulated 
results. The experimental input return-loss and isolation are better than 20dB for 
the same frequency bandwidth, a good agreement between simulated and 
experimental results being also observed. From Fig. 3, the experimental phase is 80 
- 100 deg. for frequencies between 10.25–11.5 GHz, the simulated results being 
closed to them. 

 

 
 

Fig. 2. Experimental scattering parameters, for the four-port test 
circuit (a coupler). 

 

 
 

Fig. 3. Simulated and experimental phase difference between the  
coupled port and the through port of the coupler 

considered as a test four-port circuit. 
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5. CONCLUSION 
An experimental technique to characterize a multiport has been proposed, 

using a two-port VNA. For this method 
)!2(!2

!
−n

n  sets of two-port measurements 

must be performed, while the other ports may be let open. The method is applied 
for a four-port test circuit (a coupler), showing a good agreement between the 
experimental results and the expected ones obtained by simulation. For a number 
of ports greater than 4, the difficulties of applying this method is expected to grow 
substantially. 
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Abstract. An analytical approach based on unidimensional equations has been 
settled up for studying the dynamics of RF MEMS switches. The model has been 
developed until now especially for shunt capacitive configurations, to predict the 
capacitance change and actuation times during the actuation and de-actuation 
mechanisms, and it has been implemented by means of a MATHCAD program. 

Successively, two- and three-dimensional models based on a commercial 
software package, namely COMSOL Multiphysics, using equations about energy 
conservation and boundary conditions, has been used to validate the analytical one and 
to clearly identify the limits and advantages of a fully analytical formulation. The 
dynamical response of a capacitive shunt switch has been considered, but the approach 
is generally valid for resistive series as well as for capacitive shunt devices, because 
they refer to a double clamped beam, independently of the electrical configuration. 

 
 

1. SUMMARY 
RF MEMS switches [1], [2], [3], [4] can be actuated in several ways but, 

generally, the electrostatic actuation is preferred because no current is flowing in 
the device nor power absorption has to be involved in the process. 

The equation which accounts for the most part of the physical mechanisms 
governing the dynamics of a RF MEMS switch can be written as: 
 

cdpe FFFFzm +++=&&                                               (1) 
 

where: m = ρAt is the bridge mass in the actuation region, computed by means of 

the density ρ, the area A and the thickness t; 2

2
1 V

z
CFe ∂

∂
=  is the electric force due 
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to the applied voltage V and to the change of the capacitance along the direction of 
the motion z; Fp = -k[z – (d + g)] is the force due to the equivalent spring with its 
constant k , acting against the electrical force to carry back the bridge to the 
equilibrium position; zFd &α−=  is the damping of the fluid, dependent on the 
bridge velocity z& and on the damping parameter a, which, in turns, is related to the 
geometry of the bridge and to the viscosity of the medium, d is the dielectric 
thickness and g the gap between bridge and substrate. 

Fc is the contact contribution, which can be divided in the Van Der Waals 
and surface forces, the first acting as attracting and the second one as repulsive, 
with a possible equilibrium position at a given distance from the bottom electrode 
of the switch [5]. Currently, many papers about the dynamics of the switch are 
available in literature (see, for instance, [10] and related references, or [3]), 
including also possible collateral effects due to the Casimir force [11], [12] or self-
actuation mechanisms due to the RF power [13]. The capacitance of a shunt 
capacitive MEMS switch can be described in terms of two series capacitors, each 
of them having its own dielectric constant. This is only a formal way to approach 
the problem, because the intermediate plate is a dielectric interface and not a metal 
one. On the other hand, the dielectric does not appear in the expressions describing 
the voltage change passing from one medium to another one, thus allowing the 
utilization of this approach. From the above considerations, the total capacitance 
will be: 
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where ε0 = 8.85 ×10-12 is the vacuum dielectric constant in MKS units and εr is the 
relative dielectric constant of the material covering the bottom electrode. The 

derivative of C(z), to be used in the definition of the electric force 2
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given by: 
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and Eq. (1) can be rewritten as: 
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which can be transformed in: 
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where: 
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The voltage difference V is imposed between the metal bridge, connected to 

the ground plane of a coplanar waveguide (CPW) structure, and the central 
conductor of the CPW, which also carries the high frequency signal. Under these 
circumstances, the switch will experience an electrostatic force for the actuation 
which is balanced by its mechanical stiffness, measured in terms of a spring 
constant k . The balance is theoretically obtained until the bridge is going down 
approximately (1/3) of its initial height. After that, the bridge is fully actuated, and 
it needs a value of V less than the initial one to remain in the OFF (actuated) 
position, because contact forces help in maintaining it in the down position. 

The actuation as well as the de-actuation are affected also by the presence of 
a medium (typically air, or preferably nitrogen for eliminating humidity residual 
contributions in a packaged device) which contributes with its own friction, 
introducing a damping, and changing the speed of the switch [5], [6], [7]. 
Moreover, the damping modifies the natural frequency of oscillation for the bridge. 
In particular, the actuation and deactuation mechanisms will be modified, thus 
leading to simple oscillations (no fluid damping contribution) or damped 
oscillations (fluid contribution) to over-damping for particular values of the bridge 
dimensions. Other contributions to the motion of the switch are given by the 
"contact force" of the bridge with respect to the plane, when it is actuated or very 
close to the plane of the CPW, i.e. close to the substrate. They are due to the 
interaction between the two surfaces. The Van Der Waals force, having an 
attractive effect, has to be also included [5], [7]. Both last contributions are, of 
course, very important when the bridge is close to the bottom electrode, in contact 
with the dielectric used for obtaining the high value of the capacitance needed to 
get the best isolation. It is difficult to manage all of these contributions, and usually 
a phenomenological approach is followed, trying to individuate the most important 
parameters useful for the required response. For instance, higher is the ratio 
between bridge thickness and bridge length, higher will be the spring constant 
value and, consequently, the robustness of the switch. It is common practice that a 
good value for k is in the order of tens of N/m. 
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All of the above contributions and solutions of the mechanics equation for the 
bridge motion have been considered and discussed in detail for actual 
configurations, setting up the method for the capacitance dynamics and for the 
actuation and de-actuation times. 

Typical responses for the de-actuation are given in the following Fig. 1, 
where the contributions of the restoring mechanical force and of the damping have 
been clearly evidenced. 

 

 
 

Fig. 1.  De-actuation  vs  time  for  the  shunt  switch  used  as  an  example. 
The green curve accounts only for the exponential restoring mechanism,  

while the red one accounts also for the air damping. 
 

From capacitance dynamics considerations at the threshold voltage, and by 
assuming that the de-actuation time is defined as the time at which the capacitance 
reaches the 90% of the final one, we can get: 
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By using an analogous analytical treatment, the actuation time will be given 
by: 
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Times in the order of tens, up to one hundred of μs are obtained for typical 
geometries of the MEMS switches.  

By including the dependence on the applied voltage and energy 
considerations about the energy spent for the actuation, Eq. (8) is transformed in: 
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where COFF is the capacitance in the down state and it has been also given the 
explicit dependence on the applied voltage Va. 

In Fig. 2 the actuation time Vs the applied voltage is shown for a bridge 4 μm 
thick Moreover, two- and three-dimensional approaches have been used for the 
same structure, based on the possibilities given by the commercial software 
package COMSOL Multi-physics.  

 

 
 

Fig. 2. Actuation time in sec of an RF MEMS capacitive shunt 
switch Vs the applied voltage Va in volt. 

 
In fact, simple geometries can be efficiently simulated by using an uni-

dimensional approach, as also stated in [3], and actuation times can be exstimated 
without using long and complicated simulations with finite elements. On the other 
hand, a full simulation is very important especially when the shape of the bridge is 
tailored in a not simple way. This happens when the cross section has not a 
constant width, or specific technological solutions, like multi-layers for the bridge 
and dimples in the actuation area to help the electrical contact are realized, or holes 
are present on the beam for improving the sacrificial layer removal and for 
lowering the spring constant. Moreover, a software able to treat combined 
solicitations involving the mechanical, thermal and electrical response of the 
MEMS device has to be considered if the goal is the definition of a figure of merit 
for such a technology. For this purpose, 2D and 3D mechanical simulations have 
been performed to clearly state the advantages of such an approach with respect to 
the uni-dimensional one. Some 2D results are presented in Fig. 3 and in Fig. 4, 
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where the OFF state of the switch is shown by using a central actuation (DC signal 
along the central conductor of the CPW) or a lateral one by means of symmetrical 
pads. 

The proper shape of the actuated bridge, also in the case of simple 
geometries, is particularly useful for the prediction of the electrical properties of 
the device. In fact, the real deformed shape of the bridge can be used as the input 
for high frequency simulations, and parasitic contributions could be predicted in an 
easier way, especially when the millimetre wave range is considered. 
 

 
 

Fig. 3. Central actuation of the MEMS switch. A mechanical force  
on the central conductor of the CPW has been applied  

as high as 120 N/m. 
 

 
 

Fig. 4. Lateral actuation of the 2D structure. The same force 
was necessary for having a full collapse of the bridge, but 

applied on smaller pads. 
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From the result in Fig. 4, it turns out that by properly choosing the shape and 
the dimensions of the structure, the actuation occurs without having the bridge 
touching the lateral pads. This could help in decreasing the charging effects for 
these devices. 

An example of the 3D response is given in the following Fig. 5 and Fig. 6, 
where the electrostatic actuation has been performed by means of a 20 volt DC 
signal along the central conductor of the CPW. In this case, additional details have 
been included, like the small lateral teeth useful for chemical removal of the 
sacrifical layer, and the holes used for both an easier cleaning of the area under the 
bridge and a lowering in the bridge stiffness. 
 

 
 

Fig. 5. 3D simulation by COMSOL Multi-Physics of and RF MEMS shunt capacitive  
switch in the ON state (bridge in the up position). The bridge is 50 μm wide, 600 μm  
long,  1 μm thick and distant from the substrate 2.8 μm. Holes having the diameter  

of 10 μm have been considered along the beam. 
 

The result in Fig. 6 is coherent with the prediction performed by using an 
analytical approach for evaluating the threshold voltage for such a structure. In 
fact, Va=22 volt if the uni-dimensional approach is used. Actually, in the most part 
of the investigated cases, the general response of the bridge can be easily predicted 
by using an uni-dimensional approach, and the presence of holes can be 
approximated by defining an effective stiffness for the metal beam. For the above 
reason, the 3D simulation is really useful, as already stressed, only in the case of 
configurations which have a very peculiar shape. Also in the case of a moving 
mesh, to be used for the dynamical response of the device, many informations can 
be already obtained from evalutions based on Eq.(7)-(9), by using a fully analytical 
model, without involving cumbersome simulations with a computer. The real 
advantage in having a full modelling of the device is in the combination of 
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mechanical and RF predictions, being based on the same geometry construction. 
Specifically, as it is the case of the COMSOL software package, thermal, power 
and charging effects can be considered in the same simulation environment. For the 
above reasons, this will be very useful to get a figure of merit for the RF MEMS 
technology based on different input conditions. 
 

 
 

Fig. 6. 3D simulation of the RF MEMS switch in the OFF state (bridge in the down position).  
An actuation voltage around  20 volt has been necessary.  The deformation of the bridge is 
represented by the change in the colours, from the blue (at rest) to the red (fully actuated). 
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Abstract. This paper presents the electromagnetic and electromechanical design 
of a new H-shaped millimeter RF MEMS switch for high frequency applications. The 
switch is a fixed-fixed metal beam placed in a shunt configuration over a coplanar 
waveguide transmission line. A numerical model of the switch has been developed in 
order to analyze the influence of its parameters on both the electromagnetic and electro-
mechanical domains. Measurements of fabricated prototypes have been performed in 
order to compare simulated and experimental results, showing very good agreement. 

 
 

1. INTRODUCTION 
RF-MEMS switches are the key element for innovative reconfigurable low 

loss circuits, such as impedancematching networks, tunable phase shifter and 
filters. Low loss, low power consumption, high bandwidth and very compact size 
and weight are some of the advantages that make this technology a possible leading 
solution in the years to come for a lot of TLC applications. On the other hand, high 
actuation voltage, switching time and above all dielectric charging are the main 
critical aspect that so far prevented its complete success, even if a lot of progress 
has been done in the recent years. 

In this paper, an H-shaped RF-MEMS capacitive shunt switch working at a 
center frequency of 60 GHz is presented. The switch is realized on a 200 μm GaAs 
substrate through a cold manufacturing process (Tmax = 250°C°), whose main 
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advantage is the post process compatibility that allows MEMS integration with 
active devices. 

The shunt-capacitive switch here presented consists of a thin metal 
membrane, suspended over the center conductor of a coplanar waveguide (Fig. 1). 
The bridge is fixed at both ends to the ground conductors by means of four torsion 
bars and is electro-statically actuated using two electrodes placed at two sides of 
the signal line. A 200 nm layer of Silicon Nitride is used to DC isolate the CPW 
central conductor to the membrane in the actuated state, realizing a parallel plate 
shunt capacitor.  

Such a structure is the result of an articulated study whose purpose was to 
conceive an RF-MEMS switch with high reliability and very high RF performance. 
For that reason, both the electromagnetic and the electromechanical domain of the 
device have been accurately studied, conceiving two separate models. This way, a 
deep analysis on the effects of the switch parameters on its performance on both 
aspects has been realized and is here presented. 

The simulated results given by the model have been compared with 
measurements of fabricated prototypes. Experimental data and observations by 
optical profilometer confirm the accuracy of the proposed multiphysics models. 
 

2. ELECTROMAGNETIC  MODEL 
The developed switch topology is presented in Fig. 1, along with the lumped 

element model showing the equivalent components used to represent each portion 
of the membrane. 

 
 

Fig. 1. Developed RF-MEMS switch structure and 
equivalent circuit. 

 
As said in the previous chapter, the shape of the membrane, the actuating 

mechanism and the anchoring system, along with all the structural parameters of 
the device, are the result of an accurate study aimed to conceive a high reliability 
component. As it is has been shown by many authors in fact, reliability is the most 
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critical issue of the RF-MEMS technology and one of the factors preventing its 
large diffusion [1-4]. Among the different phenomena involved in that aspect, 
dielectric charging is maybe the most significant one, since it is responsible of 
various failure mechanisms, like membrane sticking or auto-actuation. 

One of the best ways to reduce dielectric charging is to avoid direct contact 
between the membrane and the dielectric covering the control electrodes, ensuring 
the presence of a little air gap even in the actuated state. For this reason, instead of 
using the signal line to actuate the bridge, two separated electrodes are introduced, 
placed one at each side of the line. The control voltage, the shape, Young modulus 
and other characteristic of the membrane have also been chosen so that in the 
actuated state it presents a curved profile, touching the dielectric film only the over 
signal line, whereas a small air gap is ensured over the areas where the two 
electrodes are placed. 

 

 
 

Fig. 2. Comparison between the curved profile that allows the membrane  
to touch the dielectric only over the signal line and the flat 

profile that causes the membrane to touch also the 
electrode area. 

 
The RF equivalent circuit (Fig. 1) of such structure consists mainly of a 

variable capacitance Cs, modeling the parallel plate capacitor formed by the beam 
and the signal line in the interfacing area. The non idealities of the metallic 
membrane introduce series resistance and inductance, whereas the presence of the 
actuation electrodes introduces two other parasite capacitors. [5]. 

Each dimension of the membrane has been chosen in order to set its working 
frequency at 60 GHz. Given the dielectric film thickness of 200 nm and the signal 
line width, fixed to have a desired line impedance of 50 Ω, the parallel plate 
capacitance Cs is controlled by varying the membrane width, whereas parasite 
resistance and inductance depend the on the membrane length.  

Anyway, full-wave simulations on Ansoft HFSS proved that a very important 
role is also played by the position of actuating electrode. As a matter of fact, it has 
been observed that all the parasite elements introduced by the extra-electrodes 
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portions of the membrane have a slight or negligible effect on the RF performance 
of the switch.  

This way, it has been possible to design and realize four different versions of 
the presented switch, each one having a chosen value of length, in order to study 
the influence of this parameter on the electro-mechanical performance without 
affecting the RF one.  

The simulated performance of the four different switches in the UP state are 
presented in Fig. 3 
 

 
 

Fig. 3. Simulated performance of the switch in the UP state. 
 

As it can be seen, at the operating frequency of 60 GHz the Return Loss is 
about -20dB for all the four different lengths of the switch, whereas the Insertion 
Loss is about 0.2 dB. The presence of the bridge in the UP state has thus a 
negligible effect on the propagation of the signal, thanks to the 2.7 mm air gap 
between the bridge and substrate which assures a very low UP-state capacitance. 

As said, in the actuated state the profile of the membrane has a curvature that 
makes it touch the dielectric film only over the signal line. For that reason, this 
condition has been simulated in Ansoft HFSS simplifying the real profile with a 
three stepped one, as depicted in Fig. 4, that allows to take into account the air gap 
over the electrodes. 
 

 
 

Fig. 4. Ansoft HFSS full-wave model of the switch in the actuated  
state simulating the real curved profile of the bridge. 
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Fig. 5 shows the compared performance of the four designed versions of the 
switch in terms of Insertion Loss. First of all it can be observed that the maximum 
shift in terms of resonant frequency from the desired value of 60 GHz is only  
3 GHz for all the curves. As said before, fullwave simulations show that the extra-
electrode portions of the bridge have little effect on the RF behaviour and also, at 
the centre frequency Insertion Loss is only -40dB, meaning very low resistive loss. 
 

 
 

Fig. 5. Simulated performance of the switch in the DOWN 
state given by the three-step profile bridge. 

 
The conclusions drawn by the analysis of the Insertion Loss graph are 

confirmed by the data reported on Table 1, where the values of each component of 
the lumped element circuit modelling this state are reported. As it can be seen, the 
parallel plate capacitor has a value of 0.33 pF, which is consistent with theoretical 
computations. On the contrary, the variation of the inductance associated to the 
extra-electrode portions of the membrane Lp is much lower than what theoretically 
computed, justifying the restrained frequency shift shown on Fig. 4. 
 

Table 1. Values of the lumped element circuit modelling the 
shunt switch in the DOWN state 

 

Cs (pF) Ls (pH) Cp (pF) Lp (pH) R (Ω) 
0.33 pF 9-9.6 0.1-0.11 9.8-11.3 0.4 

 
Although conceived as a solution to improve the reliability of the device, the 

air gap over the electrodes ensured by the curved profile in the DOWN state is also 
crucial for its RF performance. Full wave simulations in HFSS have been used to 
analyze the switch behaviour in the case when that condition is not satisfied. 
Results reported on Fig. 6 show that when there is a direct contact between the 
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membrane and the dielectric film over the electrodes, the frequency response is 
totally different. As it can be seen, the centre frequency is strongly shifted toward 
the lower frequencies and also a second resonance appear. 

 

 
 

Fig. 6. Simulated performance of the switch in the DOWN 
state with the membrane touching the electrodes. 

 
The reason for such a different behaviour can be found analyzing the values 

of the components of the equivalent circuit modelling the switch in this condition, 
reported on Table 2. A as result of the absence of the air gap, the parasite 
capacitance associated to the electrodes is ten times higher than in the previous 
case. This capacitance is responsible of both the frequency shift and the second 
resonance that make the switch unusable in the V-band. 
 

Table 2. Values of the lumped element circuit modelling the 
shunt switch contacting the actuation electrodes 

 

Cs (pF) Ls (pH) Cp (pF) Lp (pH) R (Ω) 
0.33 pF 0.2-1.1 0.9-1 13-16 0.4 

 
3. TECHNICAL  ISSUES 
It has been demonstrated how the key point for the device to work properly 

on both the mechanical and high frequency domain is the membrane configuration 
in the actuated state. It is easy to understand then how the mechanical aspect of the 
switch plays a critical role. 

The original mechanical design of the device was focused to conceive a 
structure with the lowest actuation voltage possible. The reason for such a choice is 
due to the direct relationship between the dielectric charging phenomenon and the 
control voltage. Experience [3] has shown in fact that the higher is the actuation 
voltage of an RF-MEMS switch, the faster electric charges are injected into the 
dielectric from the bottom electrode, thus shortening the life-time and the 
maximum number of cycles of the device. 
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With the aim to reduce the actuation voltage, it has been decided to lower the 
elastic constant of the membrane by adopting two main technical solutions. The 
first one is the bridge anchorage to the substrate by means of four lateral torsion 
bars. With this solution the mechanical stress generated during actuation is 
distributed along almost all the surface of the bridge, resulting in a lower elastic 
force. The second solution is instead the choice of a very low value of membrane 
thickness (1.2 mm), a parameter to which the elastic constant is directly related. 

The cold manufacturing process that allows post process compatibility (Tmax 
= 250°C°) developed at IEMN has been used to fabricate prototypes. The realized 
devices shown actuation voltages ranging from a maximum of 25 V for the 300 
mm prototypes down to only 10V for the 450 mm ones. These very low measured 
values of actuation voltage confirm the effect of the mechanical solutions 
explained above. 

Anyway, fabricated prototypes also showed an undesired consequence of that 
obtained low value of elastic force which strongly affects the bridge reliability. On 
a high percentage of tested samples it has indeed been observed that the membrane 
remains stuck to the substrate just after the first deactuation. Such behaviour is due 
to the contact force which arises between the bridge and the substrate when the first 
touches the second during actuation. That force, which tends to keep the membrane 
stuck to dielectric film, is normally counterbalanced by the elastic force, but in this 
case the last one is not sufficient to bring the bridge back to the UP position. 
 

4. ELECTROMECHANICAL  MODEL 
In order to analyze the electromechanical behaviour of the designed switches 

and find a solution to the encountered problems, also an electromechanical model 
of the device has been developed by means of Ansys multi-physics simulator. 

The Ansys model has been realized using the direct electromechanical 
coupling elements TRANS126. In order to get a reliable tool, the prototypes 
realized in the first fabrication run have been replicated in the simulation 
environment, optimizing the model parameters to fit experimental data. 

The comparison between measured actuation voltage and the corresponding 
simulated results are shown on Table 3. A very good correspondence for all the 
different instances of the switch has been achieved. 
 

Table 3. Comparison between simulated and measured pull-in 
voltage of 1.2 μm thick prototypes of different lengths 

 

Length Simulated Measured 
300 μm 24 V 22-25 V 
350 μm 17 V 17-20 V 
400 μm 14 V 13-16 V 
450 μm 11.5V 10-12 V 
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The developed model has been used to analyze the dependence between the 
membrane thickness and the relative spring constant of the switch for the different 
instances. This parameter is in fact one the key factors for the solution of the 
sticking problem. Also, the incidence of process parameters, such as Young 
Modulus and residual stress has been taken into account in order to foresee 
possible deviation of measured data from the simulated ones. 

The comparison between simulated data and measures from the working 
samples allowed us to identify the minimum value of bridge spring constant 
necessary to overcome the sticking issue. 

Anyway, it has already been explained how increasing the spring constant of 
the switch affects the actuation voltage and thus its long-term reliability. It is for 
this reason that a more accurate study has been developed in order to optimize the 
mechanical performance. 

Going deeper into details, the elastic behaviour of the membrane has been 
distinct in the two cases of actuation and deactuation. As a matter of fact, the 
electrostatic force practised by electrodes acts in correspondence of their position 
along the membrane, whereas the sticking force acts in its middle. The spring 
constant values modelling the two different situation has proven to be different, 
with the first being always higher than the second. This fact explains how the 
membrane tends to remain actuated even though it opposes a high elastic force 
during actuation. 

Table 4 analyzes the relationship between the membrane thickness and the 
two elastic constant for the 350 mm long switch. As it can be seen, both constants 
increase by thickening the membrane. Anyway, since their ratio decreases, the 
simple growth in thickness of the entire membrane is not advantageous because the 
greater elastic force is counterbalanced by an even greater VPI. 

 
Table 4. Mechanical performance of the 350 μm switch for 

different values of membrane thickness 
 

t K1 K2 K2/K1 VPI 
1.2 0.63 0.43 0.675 17 
1.5 1.17 0.76 0.647 23 
1.8 1.99 1.28 0.641 31 
2.1 3.14 2.01 0.640 38 

 
 

An accurate study has thus been conducted on the profile of the membrane in 
order to optimize the mechanical performance. Ansys simulations proved that if the 
membrane is locally thickened only in its centre the spring constant ratio increases 
considerably. Fig. 7 shows the original switch with an 80 μm long brick of 
increased thickness, while Table 5 illustrates the relationship between the brick 
thickness and mechanical performance. 
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Fig. 7. Shunt switch locally thickened in the membrane centre. 
 

Table 5. Mechanical performance of the 350 μm  
switch with localized thickening 

 

tincr K1 K2 K2/K1 VPI 
1.2+0 0.63 0.43 0.675 17 

1.2+0.8 0.68 0.63 0.752 20 
1.2+1.1 0.87 0.67 0.771 22 
1.2+1.4 0.90 0.70 0.784 24 

 
In this case the spring constant ratio increases with higher values of thickness 

of central brick, which means a much better mechanical behaviour. The drawback 
associated to this solution is the reduction of the air gap over the electrode that can 
anyway be easily controlled. 
 

5. CONCLUSIONS 
A high frequency MEMS shunt switch has been presented. Simulated results 

on HFSS full wave simulator of the developed electromagnetic model show 
remarkable RF performance. Because of the need of controlling the membrane 
profile in the actuated state and the technical issues shown by fabricated 
prototypes, also an electromechanical model has been developed. The developed 
multi physics approach allowed us to design an optimized H-shaped RF-MEMS 
switch for high frequency applications. 
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