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Abstract

The growth of MEMS (micro electro-mechanical systems) technology, initiated by
Nathanson et al. in 1967 with the presentation of the first micro electro-mechanical
device (the resonant gate transistor), let many ideas come into existence. Among
more or less fascinating concepts a capacitive RF MEMS switch has been introduced
by Goldsmith et al. in 1996.

The capacitive RF MEMS switch is a device manufactured using MEMS technology
that can switch (route) RF signals. Very promising expected properties of the
device, such as high linearity, low loss, low power consumption, low mass and
dimensions and low production costs make the capacitive RF MEMS switch a
competitive alternative to solid-state RF switches. The advantages of the technology
were appreciated by many researchers. The reported variety of applications and
forms of the switch illustrated the potential of the capacitive RF MEMS switch.

However, the commercialization of these devices is hindered by poor reliability.
The lifetime of the capacitive switches is drastically limited by a number of failure
mechanisms, from which charge trapping is recognized as the most severe one. In
2001 Goldsmith et al. proposed using tailored biasing schemes as a remedy for
charge trapping. This method can rise the lifetime by a limited factor but it does
not solve the problem. Several additional ideas improving the lifetime have been
proposed but they mainly try to circumvent the problem without understanding
the causes of the failure.

The focus of the work presented in this document is on the physics and reliability of
the RF MEMS devices. As a representative the electrostatically driven capacitive
RF MEMS switch is chosen. The main goal is a better understanding of the physics
of failure. The obtained observations and conclusions are expected to help designers
and technologists develop a reliable capacitive RF MEMS switch.

The goal of the first experiments was to verify whether the failure mechanism of the
available devices was similar to the one described in literature. The obtained results
pointed to Poole-Frenkel mechanism as a possible failure mechanism. A verification
of the remedy proposed by Goldsmith, bipolar actuation voltages, showed only a
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slight improvement.

Besides that, an impact of the gas breakdown and/or electron emission on the
lifetime of the switches was observed.

The results obtained in the first experiments were used in an FMEA (Failure
Mode and Effect Analysis). As a result a number of possible failure mechanisms
were listed in a FMEA study and the one with the highest priority, charging, was
determined. It was chosen for a more detailed study.

Based on the experience gained during the first part, a number of dedicated
test structures were fabricated and tested. The design consisted of not fully
functional, yet, representative from the charging point of view, electrostatically
driven switchable capacitors. The design assured the compatibility with the
available and further improved testing equipment (ELT). Also dedicated test
structures to study the impact of the environment were foreseen.

However, not all structures could be used due to processing issues. Still, a relatively
large number of identical test structures allowed performing experiments under a
large variety of testing conditions.

Further, a comparison of a few interposer dielectric candidates was done. A number
of simplified wafers were fabricated and tested. The two best candidates, AlN1
and AlN2, were chosen for further investigation. In depth experiments were then
performed on fully processed test structures using the two candidates.

The lifetime experiments performed using various magnitudes of the actuation
voltage amplitude, and both positive and negative polarities showed a disagreement
with the model based on the Poole-Frenkel conduction mechanism. The unusual
behavior pointed to more than one charging mechanism present in the capacitive
RF MEMS switches. The substrate charging was identified besides the interposer
dielectric charging. The impact of the substrate was first studied with devices
fabricated on two different types of substrate material: AF-45 glass and oxidized
high-resistivity silicon. The different sensitivity of both materials to various
environmental conditions is presented.

The next part is focused on the identification of different charging mechanisms.
It is shown that the C-V characteristic measurements combined with different
configurations of the actuation methods can give new insights into charging
mechanisms.

Once the two charging mechanisms were observed, the study of each of them
became easier. A number of different testing techniques including fabrication of
special test structures (e.g. thicker interposer dielectric layer) allowed isolating
particular mechanisms. The use of various actuation methods was supposed to
allow locating the mechanisms. However, the observed results were different than
the expected, yet, very consistent. It became very clear that the impact of the



substrate and substrate charging cannot be neglected.

The last experiments, consisting of testing devices with a modified HR-Si substrate,
showed that the impact of the substrate and substrate charging is higher than
anticipated. It definitely cannot be neglected. The C-V characteristic of the device
can be modified in similar ways by both interposer dielectric and substrate charging.
Therefore, both may be confused.

Using all this information, a proposal for a better capacitive RF-MEMS switch,
from charging point of view, is made.





Samenvatting

Het ontstaan van MEMS technologie (micro elektro-mechanische systemen) dateert
al van 1967, toen Nathanson et al. de eerste transistor met een mechanisch
resonerende poort voorstelden. Sindsdien zijn er heel wat verschillende types
MEMS componenten ontwikkeld, waaronder de MEMS schakelaar voor radio-
frequenties (RF MEMS) van Goldsmith et al. uit 1996.

Een capacitieve RF MEMS schakelaar laat toe om het pad van signalen in RF
circuits te configureren. In vergelijking met klassieke halfgeleidercomponenten,
hebben MEMS schakelaars een aantal zeer aantrekkelijke eigenschappen, zoals
bijvoorbeeld een uitstekende lineariteit, minimale verzwakking van het RF signaal,
laag energieverbruik, kleine massa, beperkte afmetingen en lage productiekosten.
Door dit sterke potentieel is er de afgelopen jaren heel wat onderzoek gedaan naar
RF MEMS schakelaars, met als resultaat een heel aantal verschillende RF MEMS
componenten voor uiteenlopende toepassingen.

Van een echte commerciële doorbraak is het echter nog geen sprake, voornamelijk
omdat de levensduur van capacitieve RF MEMS schakelaars beperkt wordt door
een aantal falingsmechanismen. Oplading wordt algemeen aanvaard als het meest
fundamentele probleem voor deze componenten. In 2001 stelden Goldsmith et
al. een strategie voor om oplading tegen te gaan door gebruik te maken van
gewijzigde stuurspanningen. Deze methode slaagt er weliswaar in om de levensduur
in beperkte mate te verlengen, maar is geen fundamentele oplossing van het
probleem. Daarnaast werden nog een aantal andere technieken voorgesteld, maar
ook zij proberen het probleem van oplading uit de weg te gaan, eerder dan het op
te lossen.

Het voorliggend werk spitst zich dan ook toe op het bestuderen van de fysische
mechanismen die werkzaam zijn in RF MEMS componenten, en hoe zij de
levensduur beïnvloeden. Doorheen het werk wordt de capacitieve RF MEMS
schakelaar als representatief onderdeel van de hele familie ’RF MEMS componenten’
gebruikt. Het vooropgestelde doel is om een beter inzicht te verkrijgen in de
voornaamste falingsmechanismen. De experimentele vaststellingen en besluiten
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kunnen als leidraad dienen voor ontwerpers en technologen bij het ontwikkelen van
nieuwe, betrouwbaardere RF MEMS schakelaars.

In eerste instantie werd op experimentele wijze en aan de hand van reeds bestaande
RF MEMS componenten nagegaan of de vastgestelde falingsmechanismen wel
degelijk dezelfde zijn als eerder al in de literatuur beschreven werd. Met name
werd in de bestaande literatuur steeds gewezen op het optreden van Poole-Frenkel
emissie. De door Goldsmith voorgestelde techniek, nl. het gebruiken van bipolaire
stuurspanningen, resulteerde slechts in een beperkte toename van de levensduur.

Daarnaast werd ook de impact van elektrische doorslag in het omgevende gas
enerzijds, en van electronenemissie anderzijds, bekeken.

Op basis van de resultaten uit de eerste experimenten werd een falingsanalyse
(FMEA, falings-mode en effect analyse) gemaakt. Uit alle falingsmechanismen die
in deze analyse bekeken werden, kwam oplading naar voor als het mechanisme met
de hoogste prioriteit. Om die reden werd oplading gekozen als onderwerp voor
deze studie.

Bovendien werd een aantal specifieke teststructuren ontworpen en gefabriceerd.
Hierbij was het niet de bedoeling om structuren met een volledige RF funktionaliteit
te ontwerpen, maar wel om componenten te maken die op vlak van elektrostatische
oplading representatief zijn voor elektrostatisch geschakelde capaciteiten in
het algemeen. Daarnaast werden ook structuren ontworpen om de invloed
van omgevingsfaktoren te onderzoeken. Omdat de technologie waarmee deze
componenten vervaardigd worden nog niet volledig op punt staat, konden niet al
deze structuren in de praktijk gebruikt worden. Niettemin konden heel wat testen
gedaan worden onder verschillende atmosferische condities op een groot aantal
identieke structuren. Voor het testen werd de bestaande instrumentatie (ELT)
verder verfijnd.

Om verschillende dielectrica met elkaar te kunnen vergelijken, werd een aantal
wafers gemaakt met een vereenvoudigde procestechnologie en verschillende
dielectrica. De twee meestbelovende materialen werden op basis van dit experiment
geselecteerd voor verdere tests; hiervoor werden opnieuw structuren vervaardigd
met de volledige procestechnologie.

De resultaten van levensduurtesten die hierop werden uitgevoerd met verschillende
amplitudes van de stuurspanning en met positieve en negatieve polariteit, zijn in
strijd met het Poole-Frenkel geleidingsmechanisme. Het geobserveerde gedrag kan
enkel verklaard worden door aan te nemen dat meer dan één opladingsmechanisme
actief is in capacitieve MEMS componenten. Meer specifiek wijzen de resultaten
op oplading van het substraat, naast oplading van het dielectricum. Dat het
substraat wel degelijk invloed heeft op de gevoeligheid voor oplading in verschillende
atmosferische condities, werd aangetoond door teststructuren te vervaardigen op
twee verschillende substraten, nl. op AF-45 glas en op geoxideerd hoog-resistief



silicium.

In het volgende deel wordt dieper ingegaan op het identificeren van verschillende
mechanismen die aanleiding geven tot oplading. De voorgestelde strategie om
C-V curves op te meten, gecombineerd met verschillende methodes voor het
aanleggen van de stuurspanning, leverde nieuwe inzichten op met betrekking
tot de opladingsmechanismen.

Het experimenteel observeren van twee mechanismen, nl. oplading van het
dielectricum enerzijds en van het substraat anderzijds, was een belangrijke
stap. Door speciale teststructuren te ontwerpen (bijvoorbeeld met een dikker
dielectricum), konden beide effecten apart bestudeerd worden. Het gebruik van
verschillende methodes voor het aanleggen van de actuatiespanning toonde duidelijk
aan dat oplading van het substraat een zeer significante rol speelt; de mate waarin
dit het geval is, bleek ook afhankelijk te zijn van het type substraat.

Tenslotte werden structuren gemaakt op aangepaste HR-Si substraten. Opnieuw
bleek de rol van oplading in het substraat erg belangrijk te zijn. Bovendien wordt de
C-V curve van teststructuren op een gelijkaardige manier beïnvloed door oplading in
het substraat en in het dielectricum. Hierdoor worden beide opladingsmechanismen
soms met elkaar verward.

Op basis van al de verzamelde gegevens wordt tenslotte een voorstel gedaan voor
een verbeterde RF-MEMS schakelaar waarin oplading en de effecten ervan worden
geminimaliseerd.





Glossary

AC alternating current
AFM Atomic Force Microscopy
a.u. arbitrary unit
CMOS Complementary Metal-Oxide-Silicon
CPW Co-Planar Waveguide
CTE coefficient of thermal expansion
C-V capacitance vs. voltage
DAQ data acquisition
DC direct current
DUT device under test
EFM Electrostatic Force Microscopy
ELT Electronic LifeTime
EOL end-of-life
FMEA Failure Mode and Effect Analysis
HR-Si high-resistivity silicon
I-V current vs. voltage
LDV Laser Doppler Vibrometer
LT lifetime
MEMS Micro ElectroMechanical System
MOS Metal-Oxide-Silicon
MIM metal-insulator-metal
PC personal computer
PECVD plasma enhanced chemical vapor deposition
PCM process check module
RF radio frequency
SAM self-assembled monolayer
VCO voltage controlled oscillator
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A active area
C capacitance
Cswitch capacitance of the switch
Cup, Cdown up- and down-state capacitance
Con, Cthon measured and theoretical capacitance in the on state,

respectively
Ca, Cd capacitance of an air capacitance, capacitance of a

capacitor with dielectric
∆C capacitance difference, change
d distance
E electric field
Ech, Eact electric field generated by charge, electric field

generated by actuation voltage
E Young’s modulus
EOLx%, EOLxV end-of-life criteria
Fel, Fel

′ electrostatic force, with and without charge
FA

el , FB
el electrostatic force in A and B parts of the switch

Fmech mechanical restoring force
f , ∆f frequency, frequency change
g gap, initial distance between the beam and bottom

electrode
J current density
k, k′, k′′ spring constant, spring constant components
k Boltzman’s constant
L inductance
Lb beam length
Letch lateral etch length
Lhole etch hole size
Lmetal size of the metal part
n number of stressing-idling cycles
p pressure
Q charge
Qact charge to actuate the switch
Qtrapped trapped charge



Qdiel charge trapped (placed) in the interposer dielectric
Qsub charge trapped (placed) in the substrate
R resistance
t beam thickness
t time
ton, toff time to switch on and off
tCV C-V measurements time
T temperature
U voltage
Uact actuation voltage
Uch equivalent voltage generated by trapped charge
Uout ELT output voltage signal
UHF high frequency voltage
Uopt optimal actuation voltage
Upad actuation voltage applied to the bottom actuation

pad
Ubeam actuation voltage applied to the beam
Udiel resultant voltage across the interposer dielectric
Usub resultant voltage across the substrate
UCV amplitude of the voltage applied during a C-V

measurement
Vpi, V +

pi , V −pi pull-in voltage, positive and negative pull-in voltages
Vpi
′, Vpi+′, V −pi

′ pull-in, positive and negative pull-in after stressing
∆Vpi, ∆V +

pi , ∆V −pi change of the pull-in, positive and negative
Vc, Vc

′ center voltage of the C-V characteristic, before and
after stressing

Vs voltage shift of the C-V characteristic
Vbr breakdown voltage
wb beam width
ws width of the bottom electrode
wg slot width



Wpi pull-in window
∆Wpi change of the pull-in window
∆wV

+
pi , ∆wV

−
pi change of the pull-in voltage (positive and negative)

due to C-V narrowing
∆sV

+
pi , ∆sV

−
pi change of the pull-in voltage (positive and negative)

due to C-V narrowing
β Weibull distribution shape parameter, a.k.a. the

Weibull slope
ε , εr vacuum permittivity, relative permittivity
η Weibull distribution scale parameter
ν Poisson’s ratio
φB barrier height
σ internal stress
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Chapter 1

Introduction

This chapter introduces the content of this work to the reader. The motivation
and the subject of the study: electrostatically driven capacitive shunt RF MEMS
switch are presented first. The last part of this chapter presents a variety of articles
published about other types of RF MEMS switches.

1.1 Motivation

The growth of MEMS (micro electro-mechanical systems) technology, initiated by
Nathanson et al. in 1967 with the presentation of the first micro electro-mechanical
device (the resonant gate transistor) [1], let many ideas come into existence. Among
more or less fascinating concepts a capacitive RF MEMS switch has been introduced
by Goldsmith et al. in 1996 [2]. The capacitive RF MEMS switch is a device
manufactured using MEMS technology that can switch (route) RF signals (Fig.
1.1). The expected promising properties of the device, such as high linearity, low
loss, low power consumption, low mass and dimensions and low production costs
make the capacitive RF MEMS switch a competitive alternative to solid-state RF
switches. The advantages of the technology were appreciated by many researchers.
The reported variety of applications and forms of the switch illustrated the potential
of the capacitive RF MEMS switch.

However, the commercialization of these devices is hindered by poor reliability.
The lifetime of the capacitive switches is drastically limited by a number of failure
mechanisms, from which charge trapping is recognized as the most severe one. In
2001 Goldsmith et al. proposed using tailored biasing schemes as a remedy for
charge trapping [3]. This method can rise the lifetime by a limited factor but it
does not solve the problem.
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Several other ideas to improve the lifetime have been proposed but they mainly
try to circumvent the problem without understanding the causes of the failure.

A literature survey performed in 2004 showed that there is a need for understanding
the physics of the failure mechanisms in the capacitive RF MEMS switches. In
about 30 articles presenting both capacitive and ohmic switches, less than 10%
included (very limited) reliability data. In some of the articles, authors directly
express a need for the reliability study.

The purpose of this work was to understand the physics of the charging in the
capacitive RF MEMS switches as the key reliability issue. The study consisted of
testing reliability of several types of devices provided in frames of different projects.
One of the projects was focused on the study and the improvement of the reliability
of the RF MEMS switches. The author had the opportunity to participate in the
design of experiments and test structures.

Any experiment could not be performed without proper equipment. The lack
of commercially available dedicated equipment forced the author to develop a
measurement setup that could be used in the study. The improved ELT system
embedded in the Suss MicroTec PAV150 environmental chamber proved to be a
powerful tool allowing performing a large variety of experiments. The experiments
performed under different conditions allow study of particular charging mechanisms.

The obtained results and conclusions are expected to help designers and
technologists to develop a reliable capacitive RF MEMS switch.

Figure 1.1: An example of a capacitive RF MEMS switch. IMEC courtesy.



a) b)

Figure 1.2: RF MEMS switch - the idea a) and an example of a clamped-clamped
beam switch b).

1.2 Electrostatically driven capacitive shunt RF MEMS
switch

1.2.1 The switch

The capacitive RF MEMS switch is a device, manufactured in MEMS technology,
that can be used for switching (routing) radio-frequency (RF) signals (Figure 1.2a).
The switching mechanism is based on changes of impedance of the device as a
result of its variable capacitance. The capacitance changes thanks to displacements
of the movable portion of the switch. Figure 1.2b shows one of the possible switch
configurations: a capacitive shunt RF MEMS switch. A clamped-clamped beam
(bridge), anchored in the ground pads, is suspended above the signal line of a
coplanar waveguide (CPW). The movement of the beam causes changes of the
capacitance of the switch. The dielectric layer, covering the signal line in the contact
area, improves the RF properties of the switch and prevents short-circuiting.

The working principle of the capacitive shunt RF MEMS switch is schematically
presented in Figure 1.3. The switch can stay in two stable states: ON (left column
of Figure 1.3) and OFF (right column of Figure 1.3). The ON state allows an RF
signal to pass (Figure 1.3a) and in the OFF state the signal is blocked (Figure
1.3b). The RF signal can pass through (Figure 1.3c) when the capacitance of the
switch is low (Figure 1.3e). The RF signal is blocked (Figure 1.3d) when high
capacitance occurs (Figure 1.3f). In that case, the impedance between the signal
line and the ground is low. The switch exhibits low capacitance when the bridge is
in the up (top) position (Figure 1.3g). High capacitance occurs when the beam is
moved to the down (bottom) position (Figure 1.3h).



a) b)
switch state ON OFF

c) d)
RF signal passes reflects

e) f)
capacitance low high

g) h)
beam position up down

Figure 1.3: Working principle of the capacitive shunt RF MEMS switch: when the
switch is ON a), the RF signal can pass through (c) the switch is exhibiting low
capacitance (e) due to beam staying in the up position. The switch is OFF (b) - it
blocks the RF signal (d) - when the capacitance of the switch is high (f). That
takes places when the beam is in contact with the dielectric (down position, h).



1.2.2 The properties

An RF switch should fulfill several requirements:

• isolation (in off-state): the signal passing the switch in off-state should be as
low as possible,

• insertion loss (in on-state): the loss of the signal passing the switch in on-state
should be as low as possible,

• switching on and off time (ton and toff ): the transition time between the
states should be as short as possible,

• linearity: the signal should pass the switch without being distorted,

• power consumption: switching between the states should consume as low
power as possible,

• size (dimensions, mass): a switch should be small and light,

• manufacturing costs: should be as low as possible.

The capacitive RF MEMS switches are expected to exhibit better RF properties
than solid-state switches [4–7]. Lower insertion loss, higher isolation, extremely high
linearity (immeasurable intermodulation products) and lower power consumption
are presented as the main advantages of the MEMS over the solid-state technology.
However, depending on the application different properties are classified as the most
important. E.g. in aeronautics and space applications low mass, low dimensions and
low power consumption are mostly appreciated [8–11]. High linearity, low insertion
loss and high isolation are required in terrestrial millimeter-wave applications
(radars, etc.) [12–14]. Low production costs are always welcome. Although the
capacitive RF MEMS switches seem ideal devices they suffer some disadvantages:
typically higher switching time and lower RF power handling. Nevertheless, there
are many applications not affected by the mentioned disadvantages.

1.2.3 Electrostatic actuation

Switching, i.e. movement of the beam between the up and down positions, requires
an actuation mechanism. There are several possibilities (see section 1.3.1) with
the electrostatic actuation mechanism as one of the most common in MEMS.
Low complexity and low power consumption fulfill MEMS needs. The presented
electrostatically driven shunt capacitive RF MEMS switch employs a parallel-plate
electrostatic actuator. A simplified model of the actuator is presented in Figure 1.4.
It consists of two conductive electrodes: one mechanically fixed and one movable,
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Figure 1.4: Electrostatic force attracts the movable beam to the fixed one a).
Mechanical force brings the beam back to the up position when the electrostatic
force disappears b).

suspended above the fixed one. One of the electrodes, usually the fixed one, can
be covered with a layer of dielectric preventing short-circuits in case of contact
occurrence. The bottom fixed electrode represents the signal line that is also the
actuation electrode. The top movable electrode represents the beam of the switch.

The movement of the beam is an effect of two counteracting forces: the mechanical
restoring force of the spring ~Fmech and the electrostatic ~Fel. The electrostatic force
causes movement of the beam from up do down position (Figure 1.4a). In the same
time, the spring is strained, creating the restoring force that brings the beam back
to up position when the electrostatic force disappears. (Figure 1.4b).

Basically, there are two methods to control the position of the beam: voltage
and charge control. Depending on the control method, different characteristics
of the actuator are obtained. The first one, the voltage control method, is the
most common due to the ease of use. The second one, the charge control method,
requires use of more complex biasing circuits. Though, its use can be beneficial.

Voltage control method

The displacement vs. applied actuation voltage relation can be found by equating
the magnitudes of the two forces [4]:

∥∥~Fmech

∥∥ =
∥∥~Fel

∥∥ (1.1)



The mechanical and electrostatic forces can be described as follows:

∥∥~Fmech

∥∥ = kx (1.2)
∥∥~Fel

∥∥ = ε0
AU2

act

2(g − x)2 (1.3)

As a result, the displacement vs. actuation voltage relation is obtained.

2kx(g − x)2

ε0A
= U2

act (1.4)

where:
k - spring constant of the beam,
x - displacement of the beam from the initial position,
ε0 - vacuum permittivity,
A - active (overlapping) area,
Uact - actuation voltage,
g - initial distance between the electrodes.

The displacement vs. actuation voltage curve is presented in Figure 1.5. The
growing actuation voltage causes an increase of the electrostatic force. The beam
is attracted towards the bottom electrode. In the same time the mechanical spring
force grows as well. The mechanical force compensates the electrostatic force and
the position of the beam is stable. However, the electrostatic force grows faster
(x2) than the Fmech (x). At a certain point the mechanical force cannot balance
the electrostatic force anymore and the beam collapses. The instability point is at
the displacement of 1/3 of the initial gap.

Once the actuation voltage is high enough to move the beam to the 1/3 point, the
beam is pulled in towards the fixed electrode. The minimal voltage required to
bring the beam to the 1/3 point (pull-in point) is called the pull-in voltage (Vpi)
and can be calculated using (1.5). Before that point, the position of the beam is
stable and defined by the magnitude of the actuation voltage. Beyond that point,
the beam is in the down position and stays there as long as the actuation voltage
is higher than minimal actuation voltage necessary to keep the beam in the down
position. This value is called the pull-out voltage (Vpo) and can be calculated using
(1.6).

Vpi =

√
8kg3

27ε0A
(1.5) Vpo =

√
2d2kg

ε0εrA
(1.6)



1.0

0.5

0.0

x/g

20100
Uact [V]

1/3

Vpi

beam in
down position

2x(g-x)
2
=Uact

2

pull-in

stable operation

   - theoretical curve
   - beam displacement 

Figure 1.5: After traveling 1/3 of the distance between the up- and down-position,
the mechanical force cannot compensate the electrostatic force anymore. The
structure becomes unstable and the beam collapses - pull-in occurrs.

where:
d - dielectric layer thickness
εr - relative static permittivity of the dielectric layer, dielectric constant.

The influence of the dielectric layer (voltage drop) on the Vpi can be neglected as
the capacitance of the air gap capacitor Ca is much lower than the capacitance of
the dielectric capacitor Cd (Figure 1.6) (1.7-1.9).

gd εr>1
Ca

Cd

Ua

Ud
Uact

Figure 1.6: The voltage across the dielectric layer (Ud) is usually much lower than
the voltage across the air gap (Ua). Hence it can be neglected.
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Ud

Ua
= 1
εr

d

g
(1.9)

E.g. for g = 3µm, d = 200nm and εr = 10, Ud/Ua=0.0067. I.e. the voltage drop
across the dielectric layer (Ud) is more than 100 times lower than the voltage across
the air gap (Ua).

Charge control method

Replacing the Uact with (1.10) and (1.11) in (1.3), the relation between the
displacement and the charge can be found (1.13). The presented x = Q2

act curve
(Figure 1.7) shows that the displacement of the actuator is defined in any location
between the up and down position.

Uact = Qact

C
(1.10) C = ε0

A

g − x
(1.11)

Fel = ε0

A

 Qact

ε0
A

g − x


2

2(g − x)2 (1.12)

kx = Q2
act

2ε0A
(1.13)

where:
Qact - actuation charge.

The main difference between the voltage and charge control methods is the different
behavior of the actuator. The voltage control allows controlling the position of the
beam in only 1/3 gap range. During actuation, charge can flow to the structure
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Figure 1.7: The beam displacement vs. actuation charge characteristic: the beam
position is stable in the whole range.

without any limits as the voltage source can supply the necessary amount of
charge. A drastic increase of the electrostatic force and pull-in is observed. The
charge control method allows full control over the movable part of the actuator.
The quantity of charge is allotted by the driving source preventing the pull-in
occurrence. Any stable location of the beam (between the up and down position)
can be obtained by controlling the quantity of the provided charge [15–18].

Several means of active controlling of the position of the movable part of the
actuator are proposed based on this phenomenon:

• closed-loop control with optical or electrical displacement measurement [19–
21],

• series capacitance feedback [22, 23],

• current drive [24].

1.2.4 C-V characteristic

As mentioned, the switching mechanism of the capacitive RF MEMS switch is
based on changes of its impedance/admittance due to changes of its capacitance.
Generally, the RF properties of an RF device are described using scattering
parameters (S-parameters) [4, 25]. The S-parameters describe the distribution of
incident and reflected power in an N-port radio-frequency (RF) device/system.
Since the distribution of the RF power in the capacitive switch is related to the
capacitance changes, it is possible to use the capacitance to describe the properties
of the switch. The capacitance can be converted to impedance/admittance and
further to S-parameters and vice versa.



The capacitance vs. voltage characteristic (C-V) is one of the basic characteristics
of the capacitive RF MEMS switches. Its shape directly mirrors the shape of the
displacement vs. actuation voltage curve presented in the previous section.

The (ideal) C-V characteristic is presented in Figure 1.8a. To measure such a curve
a triangular actuation voltage is applied (Figure 1.8b).
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Figure 1.8: The ideal capacitance vs. voltage (C-V) characteristics of the capacitive
RF MEMS switch a). To measure such a curve triangular actuation voltage is
applied b).

With zero actuation voltage applied, the beam stays in the highest position, i.e.
the distance between the electrodes is maximal. The switch exhibits the minimal
capacitance (Figure 1.9a, point a). When the actuation voltage starts to increase
(Figure 1.9b, section a-b), the electrostatic force causes displacement of the beam
towards the fixed electrode. The capacitance increases. When the actuation
voltage crosses the pull-in voltage, the beam collapses and a significant increase
of capacitance is observed (Figure 1.9c, b-c transition). As the beam touches the
surface of the dielectric, further increasing of the actuation voltage does not cause
an increase of the capacitance in and ideal switch (Figure 1.9d, section c-d). The
capacitance of the device reaches the maximum value (Figure 1.9d, point d). If
now the actuation voltage is decreased (Figure 1.9e, section d-e), then the beam
stays in the bottom position until the mechanical restoring force is higher than the
electrostatic force (Figure 1.9e, point e). The pull-out occurs when the actuation
voltage drops below the Vpo (Figure 1.9f, e-f transition).

Further lowering of the actuation voltage decreases the switch capacitance back to
the minimum capacitance point (Figure 1.9g, section f-a). The C-V characteristic
is symmetric as the electrostatic force does not depend on the sign of the electric
field (Figure 1.9h).

Exemplary C-V and S-V characteristics are compared in Figure 1.10. The curves
can be used interchangeably.

The C-V characteristic allows finding several basic parameters of the switch (Figure
1.11):
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Figure 1.9: The C-V characteristic.
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Figure 1.10: Exemplary C-V (a) and S-V (b) characteristics of a capacitive shunt
RF MEMS switch. Low capacitance, in the non-actuated state (Uact < Vpi), results
in high RF signal transmission (low loss). In the actuated state (Uact > Vpi) the
switch exhibits high capacitance and low RF signal transmission (high isolation).

• both, positive and negative, pull-in (V +
pi and V −pi ) and pull-out (V +

po and V −po)
voltages,

• the minimal capacitance in the up-state (Uact = 0) - Cup,

• the maximal capacitance in the down-state (Uact > Vpi) - Cdown.

The Cup is determined by the overlapping area and the gap (Figure 1.12). The
influence of the dielectric layer on the up-state capacitance can be neglected. The
Cdown depends on the active area A, the thickness d and permittivity εr of the
dielectric and of the quality of the contact (roughness and/or planarity of the
dielectric layer and the beam). The Vpi depends on the mechanical properties
of the beam (k), the distance between the bottom (actuation) electrode and the
beam (g) and overlapping area (A). The pull-out voltage depends on the shape
and material properties of the beam and the thickness and the permittivity of the
dielectric layer.

1.2.5 Standard operation

The standard operation of the switch involves a use of an actuation voltage. The
properties of the actuation voltage (waveform shape, frequency, duty cycle etc.)
are established by specifications of particular applications. The magnitude of the
applied voltages should fit the Vpi and Vpo parameters of the switch. To switch
on the switch a voltage higher than the Vpi should be applied. Switching of the
switch requires application of the voltage below the Vpo. In practice 0V in off-state
is applied. The resulting waveform is presented in Figure 1.13a. The rectangular
shape actuation voltage is one of the simplest actuation waveforms.
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Figure 1.12: The down-state capacitance depends on the overlapping area A and
the properties of the dielectric layer: thickness d and permittivity εr a). Cup

depends on the distance g and overlapping area A = ws ·wb (ws - signal line width,
wb - beam width) b).

The response of the ideal switch on the applied square wave actuation voltage is
presented in Figure 1.13b. High capacitance is exhibited (Cdown) when a voltage
higher than Vpi is applied. Low capacitance shows the off-state.

The Cdown and Cup can be extracted from the C(t) curve and plotted as functions
of time or switching cycles (Figure 1.14). The graph is an example of a lifetime
experiment result.

A similar graph can be plotted when S-parameters, instead of the capacitance, are
measured.
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typical lifetime experiment results.



1.2.6 The role of the dielectric layer

The dielectric layer plays a double role in the capacititve RF MEMS switch. Besides
improving the down-state capacitance it isolates the beam from the actuation
electrode. When the actuation voltage is applied and the beam touches the
dielectric layer the dielectric is treated with a relatively high electrostatic field.
This fact causes the main reliability problem: charging of the dielectric. As the
main topic of this work, the charging of the dielectric is discussed in more detail in
section 2.4.

1.3 Other switches

1.3.1 Classification

The electrostatically driven capacitive switch described in section 1.2.1, is a member
of the RF MEMS switch family presented in Figure 1.15. The RF MEMS switches
can be categorized according to several criteria [4]:

RF MEMS switch

ohmic capacitive

relay switch relay

shunt

series

shunt

series

shunt

series

Figure 1.15: The RF MEMS switches family.

• contact type: ohmic and capacitive,

• circuit configuration: shunt and series,

• combination of RF and actuation signals: relays and switches,

• actuation mechanism: electrostatic, piezoelectric, thermal, etc.



As shown in Figure 1.15, not all the combinations are possible. E.g. ohmic type
switches can be composed only as a relay. The ohmic contact of the beam and
the bottom electrode would cause short-circuiting of the actuation signal. The
capacitive shunt switch and the ohmic series relay are the most common.

Ohmic vs. capacitive

The difference between ohmic (also known as metal-metal contact) and capacitive
switches is the switching mechanism (Figure 1.16). The ohmic switch employs
a metal-metal contact to switch the signal. The switching mechanism of the
capacitive switch is based on changes of capacitance. The ohmic switch can switch
DC as well as AC. The capacitive switches work only with AC signals however they
show better RF performance than the ohmic ones at higher frequencies.
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Figure 1.16: Ohmic (a: off-, c: on-state c) vs. capacitive (b: off-, d: on-state) series
switches

Relay vs. switch

The difference between switches and relays is a consequence of different combination
of the actuation and RF signals. The RF and actuation signals are electrically
separated in the relay type of switches. In the switches, the actuation and RF
signals are applied to the same port (Figure 1.17).

Shunt vs. series

The difference between series and shunt switches is presented in Figure 1.18. An
actuated shunt switch causes short-circuiting of the signal that cannot pass further.
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Figure 1.17: The difference between relays a) and switches b) is in application of
the actuation signal.
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Figure 1.18: Shunt a) and series b) switches.

An actuated series switch creates a path for the RF signal. The most popular are
capacitive shunt and series resistive switches.

Actuation mechanism

There are a number of different actuation mechanisms and their combinations
that can be used in RF MEMS switches. Electrostatic actuation, described in
section 1.2.3, is one of the most popular due to its low complexity and low power
consumption. However, electrostatic actuation employed in the capacitive switches
can cause reliability issues. On the other hand, e.g. ohmic switches, require a high
actuation force in order to obtain low contact resistance. A high electrostatic force
can be achieved by increasing the actuation voltage (additional DC/DC converters,
higher power consumption, etc.) or increasing the size of the actuator. A thermal
actuator is based on thermal expansion of materials. It can be based on expansion
of one type of material (unimoprh) or two different materials (with different CTE)
creating a bimorph-like structure. The thermal actuation allows achieving high
actuation forces but it increases power consumption.

Piezoelectric actuators use the change of the shape of piezoelectric materials under
an electric field. The piezoelectric actuators consume less power than the thermal
actuators, allow achieving high force but are more complex than the electrostatic
actuation.



In the literature (see section 1.3.3) several combinations of different actuation
mechanisms are proposed in order to improve properties of the actuators. E.g. an
electro-thermal actuator allows to obtain a high force and low power consumption
at low actuation voltage.

1.3.2 Selected concepts

Ohmic switch

An ohmic switch (relay) is another possible MEMS device to switch RF signals. An
example of such a device was presented by De Silva et al. in [26]. The device consists
of an electrostatically driven beam that includes a metal contact at the tip (Figure
1.19). The metal contact connects two segments of a signal line when the beam is
in down position. The switching mechanism is based on metal-to-metal contact
thus the device can work with DC and low frequencies. The metal-to-metal contact
switch can be realized only as a relay-type device. Otherwise the DC actuation
voltage would be short-circuited leading to burning the device. The ohmic switches
suffer from wear-out of the contact surface or caused by micro-welding, increasing
RF loss in the switch. The micro-welding can lead to an immediate stiction: the
switch does not open after removing the actuation voltage.
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Figure 1.19: The ohmic RF MEMS switch from Motorola [26].

Boosted switch

A very interesting way of improving the RF performance of capacitive RF MEMS
switches was presented by Rottenberg et al. in [27]. The performance of the
capacitive switches depends on the down-state capacitance. The capacitance can
be limited due to finite roughness and/or low planarity of the dielectric layer and
the beam. The authors implemented an additional (electrically floating) metal
layer deposited on the dielectric layer (Figure 1.20). The floating electrode creates



a fixed capacitor that can be switched on and off. The boosted switch exhibits
a much higher down-state capacitance than the standard capacitive switch. The
fixed capacitor is invisible for the RF signal when the beam is in the up-position.

substrate sig
na
l

lin
e

dielectric

floating metal

gr
ou
nd

Figure 1.20: The RF MEMS boosted switch shows improved Cup/Cdown ratio [27].

Electro-thermal actuation

One of the drawbacks of the electrostatic actuation is the need for high actuation
voltages in order to create a sufficient electrostatic force to overcome the initial
(large) gap. Moreover, ohmic switches need a relatively high force to obtain a
low contact resistance. The use of high actuation voltages leads to more complex
circuitry (additional power supplies, charge pumps, etc.).

A possible alternative is the employment of thermal actuators that can generate a
higher force at a lower voltage. However, the power consumption of the thermal
actuators is much higher than the electrostatic ones. A solution, proposed by
Saias et al. in [13], combines electrostatic and thermal actuation mechanisms.
Thermal actuation is used to move the beam from up- to down-state (Figure 1.21).
An electrostatic force keeps the beam in the bottom position but the required
actuation voltage is lower than in case of pure electrostatic actuation. High power
consumption, needed to actuate the switch thermally, is necessary for only a short
time, therefore the overall power consumption remains low.

A similar idea is presented by Driesen et. al in [29]

Low complexity switch

Another interesting concept of an electrostatically driven capacitive switch was
presented by Siegel et al. in [28]. The switch consists of a cantilever fabricated on
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Figure 1.21: The thermo-electrically actuated RF MEMS switch [13].

top of an oxidized high resistivity silicon wafer (Figure 1.22). The grounded silicon
wafer forms the actuation electrode. An actuation voltage applied to the cantilever
creates an electrostatic force that attracts the cantilever to the surface of the silicon
oxide. The increased capacitance between the cantilever and the fixed portion of
the signal line allows the RF signal to pass. To improve the RF performance of the
switch, an implantation of silicon was performed at the position of the tip of the
beam. The tip lands on the implanted region and the RF signal can pass from the
beam to the fixed part of the signal line. The implantation reduces the resistivity
of the silicon in the contact area. The main advantage of the switch, emphasized
by the authors, is the simplicity of the fabrication.

high resistivity Siback side metalization

cantilever
signal line

signal line

silicon oxide

implanted region

Figure 1.22: The low complexity RF MEMS switch [28].

1.3.3 Literature overview

A large number of publications has been released since the introduction of the
first capacitive RF MEMS switch in 1996. The publications present different types



of switches and relays, different design and technology approaches. A number
of papers present analysis of electrical, mechanical, thermal etc. performance of
the devices. Also several papers deliberate about simulations and models of the
switches. The presented list of publications should help in obtaining required
information about different aspects of the RF MEMS switches. The overview
does not include publications about dielectric charging and its influence on the
reliability of the switches. That area is covered in the presented sections 2.4 and 2.5.

Overview:
[31], [39], [40], [51], [56], [59], [61], [99], [175], [180], [182], [203], [224], [228], [229],
[236], [241–243], [248], [250], [253], [254], [260], [261], [263], [266], [269], [380], [280],
[285].
Capacitive:
switches: [36], [38], [49], [53], [57], [76], [86], [90], [92], [107], [109], [110], [112],
[113], [116], [117], [119], [123], [124], [126], [128],[132–135], [138–141], [143–145],
[147], [172], [5], [188], [194], [196], [197], [199], [213], [239], [249–251], [257], [259],
[262], [270], [276], [282].
relays: [115], [142],
dielectric-on-ground: [118].
Ohmic relays:
[32], [37], [74], [87], [94], [96], [114], [115], [120], [125], [131], [136], [137], [146], [167],
[170], [173], [174], [177], [183], [184], [185], [187], [190], [192], [198], [215], [216–218],
[220], [246], [255], [26], [11], [265], [272], [277], [284], [286].
Actuation mechanisms:
electrostatic: [5], [30], [32], [36], [38], [41–45], [48–50], [52–55], [57], [58], [64], [67],
[68], [73], [75], [76], [78], [79], [86], [87], [90], [92], [94], [100–104], [106–124],[126],
[128], [132], [133–147], [167], [171], [172], [174], [177–179], [183–185], [188], [190],
[194], [198], [201], [205], [213], [215], [217], [218], [220], [221], [232–234], [238], [239],
[245], [249], [251], [255–257], [259], [26], [262], [11], [265], [270], [272], [276], [277],
[279], [282–284], [287], [288],
thermal: [37], [246],
piezoelectric: [74], [77], [99], [125], [148], [219], [286], [292],
thermal/electrostatic: [96], [173], [187], [192],
electrostatic/piezoelectric: [250],
magnetic/electrostatic: [170].
Applications:
phase shifters: [90], [140], [144], [172], [184], [194], [259],
delay network: [216],
reconfigurable antennas: [55], [102], [150], [162], [210–212], [264], [275],
switches: [152], [160], [161],
radars: [12],
switchable frequency-selective surface: [200],
reconfigurable IC: [46], [193], [278],
in space: [11].



Simulations and models:
mechanical: [63], [67], [141], [207], [222],
electromechanical: [43], [76], [135], [232], [251], [271], [276], [283], [290],
electrical: [116],
RF: [92], [196].
Analysis:
RF: [93], [98], [151], [199], [204], [234], [279],
mechanical: [79], [82], [117], [149], [189], [209], [265],
dynamic properties: [111], [122], [287],
thermal: [44],
comparizon: [60],
electrical: [64], [281],
yield: [129],
qualification: [52],
radiation: [156],
packaging: [71], [88], [206].
Manufacturing:
processing: [32], [80], [86], [91], [112], [115], [145], [171], [183], [5], [208], [257], [268],
[270],
materials: [41], [65], [126], [138], [143], [183], [208], [238],
packaging: [33], [34], [71], [83], [88], [89], [97], [127], [130], [176], [191], [206], [223],
[225], [226], [240], [244], [247], [267], [273],
integration: [95], [227], [273].
Design:
[30], [115], [255].





Chapter 2

Reliability

This section is focused on the reliability issues in the capacitive RF MEMS switches.

First, the role of the reliability in the modern creation process is shown and the
most important terms like: reliability, lifetime, failure mode, failure mechanism,
etc. are explained. Next, the Failure Mechanism and Effect Analysis technique is
brought in.

Further, a selection of articles about charging-related reliability problems in the
switches is presented. Different types of models and obtained results are described.
Charging-related failure modes observed in the capacitive RF MEMS switches are
listed.

Finally, a list of publications on other types of failure modes and mechanisms that
can occur in the capacitive RF MEMS switches is presented.

2.1 Reliability - philosophy

In the past, reliability was often considered only at the end of a creation process.
Lifetime of fully functional devices was tested and corrective actions (feedback to
design and/or processing) were taken only if a failure occurred (Figure 2.1).

Nowadays, the reliability is a part of the creation process as important as the
design and processing (Figure 2.2). This approach can improve the creation process
by saving time and lowering costs. The reliability problems should be deliberated
every time a part of a design or processing is modified.

The reliability study begins with the Failure Mode and Effect Analysis (FMEA)
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Figure 2.1: Typical place of the reliability.

Reliability

Design Processing

Figure 2.2: The reliability should be considered through the whole creation process.

(see section 2.3). The result of the FMEA is a list of failure modes, and related
mechanisms, set in order of priority. Depending on the severity the failure modes
and mechanisms can be further investigated.

A reliability study can be based on testing of simplified (not fully functional)
tests structures representing individual reliability problems. Experiments, usually
lifetime tests, performed under various stressing and/or environmental conditions
allow isolating and emphasizing each failure mode and mechanism.

2.2 Reliability - definitions

2.2.1 Reliability

”Reliability is the ability of an item to perform a required function under stated
conditions for a stated period of time.” [293–296] (Figure 2.3).
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Figure 2.3: A device is reliable if it fulfills the requirements: Stays within the specs,
under specified conditions, for a required time.

This definition points out three important elements: A required function, stated
conditions and a stated period of time. The particular elements, corresponding to
the capacitive RF MEMS switch, are further explained.

2.2.2 Required function, failure and failure mode

The function of a device can be described using several parameters. The definition
of the function should specify allowed variations of the parameters.

The function of the capacitive RF MEMS switch is switching between two, on-
and off-, states. The RF signal should not be impeded in the on-state and should
not pass through in the off-state. The influence of the switch on the signal, in the
on-state, is described with insertion loss and should be as low as possible. The
ability of separating the ports of the switch, in the off-state, is called isolation
and should be as high as possible. Another important parameter characterizing a
switch is transition (switching) time between the states (ton - time to switch on,
toff - time to switch off). A switch should change states as fast as possible. The
range of frequencies can be specified as well.

The properties of the switch are application dependent and should be provided by
designers. Exemplary specifications for a capacitive RF MEMS switch are listed
below:

• bandwidth: 5 - 15 GHz,

• isolation (in off-state) not lower than −30dB,

• insertion loss (in on-state) not higher than 0.1dB,

• switching time ton and toff not longer than 10µs.



The isolation and insertion loss of the capacitive RF MEMS switch are direct
resultants of the capacitance of the switch. Thus, the function of the device can be
described by defining capacitance in the on- and off- states. E.g.:

• Cup not higher than 100fF,

• Cdown not lower than 10pF.

A reliable switch should exhibit the specified Cup and Cdown during the whole
lifetime. Exceeding of the required specifications is a result of a failure and is
defined as the failure mode (Figure 2.4). I.e. the failure mode is an indication of a
failure.

Failure is an event, or a state of a device, when the requirements cannot be fulfilled.

2.2.3 Stated conditions, operating and test conditions

The ”stated conditions” term refers to the operating conditions: biasing schemes
and environmental conditions.

Electrostatically driven capacitive RF MEMS switches can be actuated using
several types of biasing schemes ([4], pp. 189-190). The lifetime of a capacitive
RF MEMS switch can vary depending on the type of employed actuation voltage.
Therefore, the operating biasing scheme (waveform shape, amplitude, frequency
etc.) should be specified.

A switch should be able to operate in a range of specified environmental conditions:
composition of atmosphere, temperature, pressure, vibrations etc. The operating
conditions are defined by the application of the device.

In order to facilitate the reliability study special conditions, called the test
conditions, are used. The test conditions can purposely lead to early failures
(accelerated testing). The combination of various parameters of biasing and/or
different ambient allows emphasizing particular failure mechanisms.

2.2.4 Stated period of time, end-of-life and lifetime

The last part of the reliability definition refers to time. The moment the parameters
of a device go out-of-specs is called end-of-life (EOL). The time from the beginning
of stressing period to the end-of-life is defined as lifetime Figure 2.4). A device
can be considered reliable, if it can perform the required function for a time not
shorter than the specified lifetime. In case of switches, the lifetime can be also
defined as a minimal number of switching cycles. Depending on the application,
one or both requirements can be specified.
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Figure 2.4: Lifetime is time (or number of cycles) from the beginning of an
experiment until the end-of-life (EOL). The EOL is a moment, indicated by a
failure mode, when a failure occurs.

2.2.5 End-of-life criteria

The ”end-of-life criterion” (EOL criterion) term can be used when lifetime test
results are discussed/reported. It describes artificial boundaries for device properties
used as specs for reliability testing. A tested device which properties exceeded an
EOL criterion can be still a functional device from the application specs point of
view. Introduction of different EOL criteria can be useful in reliability study of
the capacitive RF MEMS switches, e.g. accelerating lifetime experiments.

2.2.6 Failure defect, mechanism and cause

The origin of the failure mode (change in the properties) is the failure defect. For
instance, stiction of the beam to the dielectric layer is a failure defect. A physical
phenomenon behind the failure defect (e.g. dielectric charging) is called the failure
mechanism. The failure cause (e.g. wrong material choice) can be a result of
limited knowledge about failure mechanisms.



2.3 FMEA study

2.3.1 The idea

“Failure Mode and Effects Analysis (FMEA) is a procedure by which each potential
failure mode in a system is analyzed to determine the results or effects thereof on
the system and to classify each potential failure mode according to its severity.
(...) The purpose of the FMEA is to study the results or effects of item failure on
system operation and to classify each potential failure according to its severity.”
[297].

The FMEA study starts with creating a list of all possible failures and attributing
to each item two numbers: severity (S) and occurrence (O). A more extended
FMEA study defines also detectability (D) but it is more useful in case of mass
production and it is not used in this work. The Severity (S) parameter describes
how harmful the failure can be. Occurrence (O) determines how often the failure
can occur.

Both severity and occurrence can be rated e.g. from 1 to 10. S=1 means that the
failure mechanism does not cause any damage to the system, while S=10 means that
the failure causes immediate end-of-life (Table 2.1). O=1 and O=10 indicate very
low and very high chance of occurrence, respectively (Table 2.2). After ranking all
the possible failure modes and mechanisms, the priority number PN=SŢO should
be calculated. The result is the list of failure modes and mechanisms with the most
problematic on top [295, 298–300].

2.3.2 FMEA study of the capacitive RF MEMS switch

An FMEA study of the capacitive RF MEMS switch was performed in the frame
of the ESA/ESTEC “ENDORFINS” project (contract no. 18613/05/NL/IA). The
results are presented in Table 2.3.

The study was based on input of experts in different disciplines: MEMS processing,
packaging, reliability, MEMS and RF designers and management. 18 failure modes
and mechanisms are identified. Occurrence and Severity numbers are given to each
failure mode and mechanism. The modes and mechanisms are listed in order of
priority. The one from the top of the list is the dielectric charging.



Table 2.3: Results of the FMEA study on RF MEMS switches: PN = O ∗ S, PN -
priority number, O - occurence, S - severity.

No. Potential Failure
Mechanism

S Failure Defect Failure Mode O PN

1 Dielectric charging of
the insulator of capaci-
tive switches

8 Stiction to bottom
electrode. Non-
permanent (charges
flow away when
charging cause is
taken away)

Drift in CV curves,
drift in Vpi and Vpo,
dead device.

10 80

2 Micro-welding (ohmic
switches and capaci-
tive switches with con-
tact metal on dielectric

9 Stiction Dead devices, drift
in contact resistance,
anomalous switching
behavior (temporary
stiction)

7 63

3 T-induced elastic de-
formation of the bridge

7 Non-permanent defor-
mation of the bridge
(is restored when T-
source is removed),
possible stiction (to
bottom electrode or
top of cavity if pack-
aged) if large deforma-
tion.

Shift of electrical pa-
rameters (Vpi, Vpo, C,
R), change of mechani-
cal properties.

7 49

4 Plastic deformation of
the bridge

7 Permanent
deformation of the
bridge, possible
stiction (to bottom
electrode or top of
cavity if packaged) if
large deformation

Shift of electrical pa-
rameters (Vpi, Vpo, C,
R), change of mechani-
cal properties.

7 49

5 Structural short
(electrical and non-
electrical connections)

9 Particles, shorted
metals, contamination,
remains of sacrificial
layer, stuck bridge.

Changes in electrical
parameters, dead de-
vices.

5 45

6 Capilary forces. 10 Stiction. Dead devices. 4 40
7 Fusing 10 Opens, roughness in-

crease.
Dead devices. 4 40

8 Fracture 10 Broken bridges and
hinges.

Dead devices. 4 10

9 Dielectric breakdown
of the insulator.

9 Dead device, possible
stiction.

Shorts between bridge
and actuation elec-
trode.

4 36

10 Corrosion 7 Dendrites formation,
oxidization, changes in
color.

Degradation of elec-
trical and mechanical
properties, shorts.

5 35

11 Wear, friction, fretting
corrosion.

8 Surface modifications,
particles (debris), stic-
tion.

Shorts, opens, shift of
electrical parameters.

4 32

12 Creep 6 Deformation of the
bridge in time.

Electrical and mechan-
ical parameters shifts.

5 30



13 Equivalent DC volt-
age.

7 Self biasing, stiction. Anomalous switching
behavior, changes in
electrical parameters.

4 28

14 Lorenz forces. 7 Self biasing, stiction. Anomalous switching
behavior, changes in
electrical parameters.

4 28

15 Whisker formation. 7 Bumps in metal, holes
in insulator on top of
metal layers.

Anomalous down-state
capacitance or contact
resistance, possible in-
crease of charging sen-
sitivity.

4 28

16 Fatigue. 8 Broken bridges and
hinges, cracks, micro-
cracks, deformation of
the bridge.

Electrical and mechan-
ical properties shifts,
dead devices.

3 24

17 Electromigration. 8 Cracks, opens,
thickness changes
(mass transpot) in
metal lines.

Increase of resistance,
opens, shorts.

2 16

18 Van der Waals force. 10 Stiction. Dead devices. 1 10

2.4 Charging mechanisms

The failure mechanism at the top of the FMEA result list is the charging of the
dielectric. The problem occurs in all devices working in normal conditions. It leads
to a fast drift of the device out of specs and eventually to stiction of the device. In
most cases the device can recover after removing electrical stress.

The ”charging” term is commonly used to describe a series of several physical
phenomena that affect quantity and/or distribution of charge in the capacitive
switch dielectric layer.

The charging has been intensively studied by several research groups worldwide.
The experimental results together with theoretical models have been presented in
many publications.

In general, there are two types of models describing impact of the charge on the
reliability of the switches. The first group is about the physics of the charging
phenomena, i.e. how the charge emerges in the dielectric layer.

The second group tries to explain how location of the charges influences the
behavior of the switch. The charge influences the C-V characteristic by Vpi and
Vpo modifications.

This section presents an overview of articles describing the first group of models.
The models base on interpretation of experimental results obtained by several



groups working on the reliability of the capacitive RF MEMS switches. The papers
about the second group of models can be found in the next section (2.5).

2.4.1 Dielectric in electric field

The source of the reliability problems comes from the working principle of the
capacitive RF MEMS switch. When the switch is actuated and the beam touches
the dielectric layer, the electric field across the dielectric is relatively high. As the
thickness of the dielectric layer is usually in the order of hundreds of nm and the
actuation voltages in order of tens of volts, the electric field across the dielectric
layer can be in the order of 106V/cm.

When a piece of dielectric is placed in an electric field several effects can take place.
First, even if the dielectric is an ideal material, the polarization of the dielectric
(small movement of charges causes creation of dipoles) can occur [314, 315]. The
dipoles can modify the resultant electrostatic force on the beam. Some of the
dipoles can remain after the electric field removal. The polarized dielectric behaves
like a voltage source generating an electric field. The electric field can create an
electrostatic force causing an unwanted beam displacement.

Besides the polarization, dielectrics can trap charges. The traps in dielectrics
(surface or bulk) can appear during processing of the dielectric itself (structure
imperfections, impurities, etc.) or can be generated during succeeding processing
steps (e.g. dielectric damages during plasma etching) [316, 317]. Charges can be
trapped during traveling through the dielectric in the presence of electric field.
The charge trapping is considered the dominant factor limiting the lifetime of the
switches so far.

The next section present results of charging studies.

2.4.2 Charging model by Goldsmith

The first proposed explanation of a failure mechanism causing stiction of the
capacitive RF MEMS switches is presented by Goldsmith et al. in [3]. The authors
attribute the charge trapping to the Poole-Frenkel conduction mechanism. A
mathematical model and its agreement with experimental data are presented.

The model assumes Poole-Frenkel conduction in the dielectric layer under high
electric field conditions. Carriers can be injected into the dielectric and trapped.
Depending on the thickness of the dielectric layer and the trap density, the
carriers can escape from the dielectric by direct or indirect (hopping between
traps) tunneling. The de-trapping time can last seconds or even days. Based on
the equation describing the Poole-Frenkel mechanism (2.1) a lifetime vs. actuation



voltage model is proposed: Lifetime is exponentially related to the amplitude of
the actuation voltage:

J ≈ V e+2a
√

V /T−qΦB/kT (2.1)

where:
J - current density,
V - applied voltage,
T - temperature in Kelvin,
ΦB - the barrier height,
k - Boltzman’s constant,
a - constant containing electron charge, dielectric permittivity and film thickness.

Thanks to that model accelerated reliability testing can be performed. First, the
lifetime of the devices at higher actuation voltages has to be tested and then
lifetime at operating actuation voltage can be extrapolated (Figure 2.5).
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Figure 2.5: Accelerated lifetime testing of the capacitive RF MEMS is possible:
first, the lifetime at higher actuation voltages has to be tested and then lifetime at
lower Uact (e.g. operating conditions) can be extrapolated.

2.4.3 Charging model by van Spengen

A model to predict charging in the capacitive RF MEMS switches is presented
by van Spengen et al. in [318]. The authors assume the Poole-Frenkel charging
mechanism as the cause of the failure. First, the influence of a charge sheet
on the pull-in voltage is deliberated (theoretical model). Then the influence of
the amplitude of the actuation voltage on the lifetime is described. As charge



de-trapping can occur when no actuation voltage is applied, the influence of the
actuation waveform duty cycles is taken into account. It is also shown that the
lifetime of the switches does not depend on the frequency of the actuation waveform
but on the total down time. The experimental data are compared with a model
that allows predicting lifetime of the capacitive RF MEMS switches. The article
confirms observations published by other research groups.

2.4.4 Charging model by Melle

The next article deliberating the physics of the charge trapping phenomena in the
capacitive RF MEMS switches is presented by Melle et al. [319, 320]. It is shown
that the lifetime of the capacitive RF MEMS switches is limited due to charging
governed by the Poole-Frenkel conduction mechanism.

The authors introduce the SRAV (shift rate of the actuation voltages) parameter
that describes change of the pull-in voltage in time as a function of actuation
voltage.

However, the electric field across the dielectric can be modified by finite roughness
of the dielectric and beam. As the contact quality influences the down-state
capacitance as well, the Cthon/Con (theoretical to measured down-state capacitance)
ratio is used to calculate the effective electrical stress intensity.

The experimental data are further compared with theoretical models describing the
Poole-Frenkel, Schottky and ohmic conduction mechanisms. The best agreement
with the Poole-Frenkel mechanism is observed. This confirms that this type of
conduction dominates the charge trapping in the investigated dielectrics.

Finally, it is shown that the presented model can be used in predicting lifetime of
capacitive RF MEMS switches.

2.4.5 Charging model by Papaioannou

Most of the charging models assume the Poole-Frenkel conduction mechanism
dominating the charge trapping in capacitive RF MEMS switches. A different
approach is presented by Papaioannou et al. in [321–325]. The authors propose
dipolar polarization of dielectric as an important dielectric charging mechanism
influencing the lifetime of the capacitive RF MEMS switches.

It is shown that there is more than one charging mechanism present: free charge
distribution, charge injection, dipole orientation, interfacial polarization etc. The
dipolar polarization can be dominant in specific conditions.



Due to high asymmetry of the structure (different top and bottom metal-dielectric
interfaces) some of the charging mechanisms depend on the polarity of the actuation
voltage. Since the dipolar polarization is a dielectric intrinsic property, it is
independent of the actuation voltage polarity.

Performing the experiments at different temperatures allows determining an
activation energy of the mechanism. The observed activation energy was indeed
the actuation voltage polarity independent. The dipolar polarization is dominant
at higher temperatures.

The dipolar polarization is expected to be not influenced by the contact quality.
However, the changes in the C-V characteristic (due to dielectric charging) are also
observed if the actuation voltage applied is below the pull-in voltage. The observed
C-V characteristic changes led to the conclusion that the dominant mechanism was
the dipolar polarization.

Together with the experimental results theoretical models are introduced.

2.4.6 Charging model by Mardivirin

Another charging model, allowing lifetime prediction, is presented by Mardivirin
et al. [326, 327]. The authors use the Curie-Von Schweidler ”universal” law
for dielectric relaxation to describe evolution of charge trapped in the switch.
Observations of the trapped charge are based on the pull-down voltage (Vpi)
measurements. The measurements are performed using a dielectric less structure.
The only dielectric that can charge is the non-conductive substrate that is exposed
to a relatively high electric field.

The proposed model takes the duty cycle of the actuation waveform into account
as the duty cycle has a big influence on the changes of the pull-in voltage during
stressing.

The presented experimental results show a good agreement of the model with the
obtained results. The lifetime of structures tested with higher values of duty cycle
is lower than when a low duty cycle actuation waveform is used. The model allows
predicting lifetime at any duty cycle by testing a switch with DC actuation voltage
(accelerated stressing) and recalculating it to required duty cycle waveform.

2.4.7 Charging model by Yuan

Results of a detailed study of the charge trapping mechanism in capacitive RF
MEMS switches are presented by Yuan et al. in [328]. The authors use MIM
(metal-insulator-metal) structures transient current measurements to obtain the
properties of the used dielectric (SiO2). Based on the results, theoretical models



of change of the pull-in voltage in time during stressing with unipolar actuation
voltages are proposed. Good agreement of the presented models with experimental
results is presented.

A similar technique is used to study temperature dependency of charging in the
switches [329, 330]. MIM capacitors transient current at different temperatures
are measured and properties of dielectrics are extracted. The obtained results are
used to model the change of the pull-in voltage of MEMS structures.

2.4.8 Charging model by Peng

Peng et al. in [331] deliberate about differences between charge trapping through
the top and bottom interfaces. The top (beam-dielectric) contact is different than
the bottom (bottom metal-dielectric). The charging through the contact can occur
at both positive and negative actuation voltages. However, the threshold voltages
and the influence of the trapped charge on the pull-in voltage are different.

In [332] and [333], the authors show that positive and negative stressing cause
similar dielectric charging (neglecting the sign). The bipolar actuation waveform
should allow obtaining an infinite lifetime. Changes of the pull-in voltage caused by
charge trapping during the positive part of the bipolar actuation waveform can be
compensated during the negative part. Only small changes in positive and negative
charge trapping make it difficult to find the correct balance. One of the mechanisms
causes charge build-up and after some time the amount of trapped charge can cross
the critical value and cause stiction. Empirical models are introduced. A good
agreement of the models with experimental data is showed.

2.4.9 Charging model by Herfst

In [334], Herfst et al. show a square-root dependency of the pull-in voltage change
in time. The authors compare experimental results with several models proposed
by other researchers. The proposed, empirical,

√
t model (t - time) fits the obtained

results better than the other models.

A similar model is used to describe changes of MIM structures using the same type
of dielectric (SiN). The authors conclude that the same phenomenon can be the
cause of the lifetime limits of the presented switches.

2.4.10 Influence of environment

The influence of humidity on the reliability of electrostatic actuators is presented by
Cabuz et al. in [335]. The authors observe degradation in electrostatic force when



the actuator is stressed in humid atmosphere. The force degradation is attributed
to humidity enhanced surface charge trapping of the thin dielectric deposited on
the electrodes. To avoid this effect a self assembled monolayer (SAM) coating is
used making the surface of the dielectric hydrophobic. The SAM coated actuator
shows a reliable long operation even in a high humidity atmosphere.

The influence of the environment on the reliability of the capacitive RF MEMS
switches is shown by van Spengen in [336]. It is pointed out that packaging of the
MEMS structures is needed not only to protect the devices against mechanical
damages after processing.

Results of more detailed studies on the influence of the environment, mainly
humidity, on the reliability of the capacitive RF MEMS switches can also be found
in the literature. Authors show differences in the switches behavior dependent on
the type of atmosphere: dry or humid air. Olszewski et al. show that narrowing or
shift of the C-V characteristic in dry and humid air is observed, respectively [337].
Blondy et al. report humidity dependent increase or decrease of the pull-in voltage
[338].

The observed changes are attributed to different charging mechanisms occurring
under different environmental conditions.

2.4.11 Summary

According to the presented studies, the mechanism governing the change of the pull-
in and pull-out voltages is mainly the Poole-Frenkel conduction. However, many
models are empirical, not giving details on the physics of the charging mechanisms.

The presented models allow predicting lifetime of capacitive RF MEMS switches
based on results of accelerated testing (higher actuation voltage, DC stressing etc.).
However, other possible mechanisms are also involved: dipolar polarization and
surface charging.

Influence of the environment (mainly humidity) is pointed out. The need for testing
in a controlled environment to avoid unwanted influence of the environment is
highlighted.

2.5 Effects of charging

This section presents effects of a charged (or polarized) dielectric on the reliability
of the capacitive RF MEMS switches. Several models describing the influence of
the charge on the C-V characteristic are shown.



2.5.1 The C-V characteristic as a charging gauge

Once the charge is trapped in the dielectric it can modify the electric field, and thus
the electrostatic force. That results in changes of all the electrical parameters of
the capacitive RF MEMS switch: V +

pi , V −pi , V +
po, V −po , Cup and Cdown. The changes

are directly reflected in the changes of the C-V curve shape.

In principle, the origin of the C-V characteristic modifications are the changes of
the pull-in and pull-out voltages. However, observation of the C-V curve shape
is a straightforward way of probing the charge in the switch. The changes of the
state of the switch can be easily monitored before, during and after stressing with
the C-V characteristic measurements. Besides the parameters of the switch, the
C-V characteristic can be characterized with two more parameters: the position
(voltage) of the center of the C-V characteristic (Vc) and the size of the pull-in
window (width) of the C-V curve (Wpi) (Figure2.6).
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Figure 2.6: Definition of the Vc and Wpi.

The Vc is the voltage at which the minimal capacitance of the switch is obtained.
Changes of the Vc are called the shift of the C-V characteristic (Vs). Changes of
the Wpi are called the narrowing of the C-V characteristic (∆Wpi) as mainly a
decrease of the pull-in window size during stressing is observed. Similar parameters
corresponding to the pull-out parameters can be defined.

Inspecting evolution of both, Vc and Wpi (Vs and ∆Wpi) can give valuable insights
into charging by providing information about changes of the pull-in voltages as
well as their mutual relations.

Often, the influence of the trapped charge on the shift and/or narrowing of the
C-V characteristic is presented when results of reliability study are discussed.

2.5.2 Schematic representation of the C-V curve

In order to improve the readability of the graphs, a schematic representation of
the C-V characteristic is introduced. Comparison of both, the theoretical and
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Figure 2.7: Theoretical C-V curve a) and schematic representation of the C-V curve
b): the simplified curve contains all the important information about the actual
C-V characteristic. The schematic C-V curve is further modified to emphasize
effects observed in the measured C-V characteristic of the real devices c).

schematic C-V curves, is presented in Figure 2.7a and b.

The simplified curve contains all the points that can be determined from a real
C-V characteristic: V +

pi , V −pi , V +
po, V −po , Cup and Cdown. The Vc and Wpi are visible

too. The simplified C-V characteristic is used to explain the influence of charging
on the C-V characteristic. Results of simulations (analytical and FEM) that are
performed for better understanding the physics of failure are presented using the
schematic C-V curve as well.

The schematic C-V curve is further modified. The a-b section of the curve (Figure
2.7c) represents the non-linear, yet stable, operation in the up state (see 1.2.3).
The non-linear part of the curve is replaced with a line to emphasize the position
of the Vc.

The c-d part of the curve corresponds to the observed shape of the measured C-V
characteristic of real devices. The increase of the capacitance in the down state
is due to a non-ideal contact of the beam and the interposer dielectric. This is
explained more in details in section (7.1).



2.5.3 C-V shift

The voltage shift of the C-V characteristic was first observed and described by
Wibbeler et al. in [301].

Let the symbols Fel, V +
pi , V −pi , Vc and Wpi be decorated with a prime in the

charge-trapped cases. Not decorated symbols refer to the no-charge trapped cases.
E.g. V +

pi

′ is used to describe the positive pull-in voltage of a structure with charge
trapped and V −pi symbols is used to describe the negative pull-in voltage of a
non-charged structure.

A case with the actuation voltage applied to the bottom electrode and grounded
beam is considered (Figure 2.8).

The trapped charge creates a field component (Ech) that can be added to or
subtracted from the electric field generated by the actuation voltage (Eact). The
positive polarity of the charge is considered. Depending on the polarity of the
actuation voltage, the resultant electrostatic force (F ′el) is lower (Figure 2.9a) or
higher (Figure 2.9b) than the initial (Fel). I.e. to obtain the same magnitude of
the electrostatic force at different polarities, different amplitudes of the actuation
voltage have to be applied. Thus, the pull-in voltages change.

bottom electrode

beam

Uact

Figure 2.8: The effect of the charge on the C-V characteristic modifications depends
on the biasing scheme. The case of the actuation voltage applied to the bottom
electrode and grounded beam is considered.

The uniformly distributed charge acts like an additional DC voltage source
connected in series with the actuation voltage source (Figure 2.10). The amplitude
of the negative pull-in voltage is decreased and the amplitude of the positive pull-in
voltage is increased (Figure 2.11a). The changes of the pull-in voltages are equal
(2.2).

∆V +
pi = ∆V −pi = ∆Vpi (2.2)
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Figure 2.9: Negative actuation voltage applied to the bottom electrode, the beam
grounded (a): the field created by the charge (Ech) is subtracted from the electric
field generated by the actuation voltage (Eact). The total electrostatic force (F ′el)
is lower than if no charge is trapped (Fel). Positive actuation voltage applied to
the bottom electrode, the beam grounded (b): the field created by the charge (Ech)
is added to the electric field generated by the actuation voltage (Eact). The total
electrostatic force (F ′el) is higher than if no charge is trapped (Fel). The magnitude
of the V −pi increases and the V +

pi decreases.

Uch
Uact

F el
'

Figure 2.10: The trapped charge acts like a voltage source (Uch) connected in series
with the actuation voltage source (Uact).
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pi and ∆V −pi , respectively. As a result the whole C-V characteristic is
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As the pull-out voltages are modified in a similar manner, the whole C-V curve is
shifted along the voltage axis (Figure 2.11b).

The position of the Vc can be found from the C-V characteristic (2.3),

Vc =
V +

pi + V −pi

2 (2.3)

and the change of the center voltage - the shift Vs - can be calculated using results
of two C-V measurements (2.4 - 2.7).

Vc =
V +

pi + V −pi

2 (2.4) V ′c =
(
V +

pi + ∆Vpi

)
+
(
V −pi + ∆Vpi

)
2 (2.5)

Vs = V ′c − Vc (2.6) Vs = ∆Vpi (2.7)
The pull-in window (Wpi) of the characteristic of the switch does not change
as both of the pull-in voltages are modified with the same magnitude (2.8 - 2.11).

Wpi = V +
pi − V

−
pi (2.8) W ′pi =

(
V +

pi + ∆Vpi

)
−
(
V −pi + ∆Vpi

)
(2.9)

∆Wpi = W ′pi −Wpi (2.10) ∆Wpi = 0 (2.11)

The Vs can be used to quantify the trapped charge. Models to calculate the



charge are proposed by Bochobza-Degani et al. [304], Rottenberg et al. [305], van
Spengen et al. [318].

The charge can be trapped in the whole volume of the dielectric: in the bulk and on
the surface. However, all the trapped charge can be represented with an equivalent
surface charge (Qtrapped) that can be calculated using (2.12) [305].

Qtrapped = Vsε0εr
A

d
(2.12)

An alternative method of the Vs measurement has been presented by Herfst et
al. in [307]. Sweeping the actuation voltage below the Vpi allows locating the
minimum capacitance of the switch. Since the minimal capacitance corresponds
to the minimal electrostatic force, the voltage required to obtain the minimal
capacitance is equal to the Vs. The advantage of the method is the use of relatively
low actuation voltage and lack of the beam-dielectric contact during measurements.
The trapped charge is modified less than in case of the full C-V characteristic
measurement.

A similar technique for noncontact charge measurements has been presented by
Reid et al. [308].

2.5.4 C-V narrowing

In the previous section, uniform charge distribution was assumed. In this case no
change of the width of the C-V characteristic is expected (∆Wpi = 0).

However, an often experimentally observed effect of the trapped charge on the C-V
characteristic is a change of the pull-in window Wpi. The effect is often called the
C-V narrowing as mainly a decrease in the pull-in window size during stressing
is observed. The narrowing of the C-V characteristic in presence of distributed
charge is described by Rottenberg et al. in [305], [309].

First, the case with both (positive and negative) types of charges trapped in the
dielectric is considered (Figure 2.12). The dielectric is divided in two equal parts: A
(left) and B (right). Negative charge is placed in the part A (QA = q	) and positive
charge is placed in the part B (QB = q⊕). The quantities are equal (|QA| = |QB |),
i.e. the net charge Q is zero. The total electrostatic force Fel is a sum of the
electrostatic force generated by the A (FA

el ) and B (FB
el ) parts of the switch (2.13,

Figure 2.13).

Fel = FA
el + FB

el (2.13)
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Figure 2.13: The resultant electrostatic force F ′el is a sum of two components. Both
are influenced by the trapped charge.



If a negative actuation voltage is applied, then the negative charge increases
the electrostatic force component, and the positive one decreases it. Due to the
quadratic character of the electrostatic force, the increase of the force in one
part is not compensated by the decrease in the other part. The magnitude of
the electrostatic force depends on the mutual polarization of the electric field
components generated by actuation voltage and the trapped charge. The Eact

and Ech vectors of opposite senses cause lower change of the resultant force than
in case of vectors of the same sense (Figure 2.14). The total electrostatic force
is higher than if no charge is trapped. The same situation is when a positive
actuation voltage is applied. The electrostatic force increases when both, positive
and negative actuation voltage are applied. Thus, the magnitude of both pull-in
voltages (V +

pi and V −pi ) is lowered. The pull-in voltages are modified of the ∆V +
pi

and ∆V −pi components that are the same amplitude and opposite signs.

a) b)
Q < 0 Q > 0

Eact
→ Fel Eact → Fel

Ech

Eact

→ Fel
′ Ech

Eact

→ Fel
′

Fel
′ − Fel Fel

′ − Fel

Figure 2.14: The electrostatic force magnitude depends on the mutual polarities
of the actuation voltage and the trapped charge. If the Eact and Ech vectors are
of opposite sense, then the decrease of the resultant electrostatic force a) is lower
than the increase of the force in case of the same sense vectors b).

That results in the C-V characteristic shape presented in Figure 2.15. The shift
of the C-V characteristic is zero and the size of the pull-in window Wpi decreases
(2.14-2.16).
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QA = −QB (2.14)

| ∆V −pi |=| ∆V +
pi |= ∆Vpi (2.15)

Vs = Vc
′ − Vc → Vs = 0 (2.16)

∆Wpi = Wpi
′ −Wpi → ∆Wpi = −2 ·∆Vpi (2.17)

2.5.5 Shift+narrowing

Both of the effects, the shift and narrowing of the C-V characteristic, can be
observed at the same time when one type of charge is trapped in the dielectric and
is non-uniformly distributed over the surface. The effect is described by Rottenberg
et al. in [305]. Non-uniform charge distribution can be represented as charge
trapped in only one part of the dielectric (Figure 2.16). In that case the resultant
electrostatic force Fel is a sum of two components: FA

el charge independent and
FB

el influenced by the trapped charge.

Depending on the polarity of the actuation voltage and the type of charge, the FB
el

′

is increased or decreased. Therefore, the resultant electrostatic force is modified.

The magnitude of the modifications depends on the mutual vector senses of the
electric field components in the charged part of the actuator (E+

act and E+
ch). E.g.

the positive charge trapped causes a higher increase of the Fel when a positive
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actuation voltage is applied than a decrease of the force when a negative actuation
voltage is applied. The changes of the electrostatic force cause different changes of
the positive and negative pull-in voltages (Figure 2.18a).

The ∆V +
pi and ∆V −pi are not equal. They have the same sign though. The different

changes of the pull-in voltages result in a shift and a modification of the pull-in
window size of the C-V characteristic (Figure 2.18b). The Vs and ∆Wpi can be
found from two C-V measurements, before and after charging.

2.5.6 Changes of the Cup and Cdown

Two effects often accompanying the changes of the actuation parameters of the
switch are changes of the Cup and Cdown.

Changes of the Cup

The Cup capacitance is the capacitance of the switch without any actuation voltage
applied. In a non-charged switch, the up-state capacitance is equal to the minimal
capacitance that the switch can exhibit. However, the Cup can change due to
charging.

The charge trapped in the dielectric creates an electrostatic force component Fch.
The force causes deflection of the beam from the original up position even if no
actuation voltage is applied. That results in an increase of the Cup. The magnitude



of the Cup increase depends on the quantity of the trapped charge (Figure 2.19
and 2.20).

Once the critical value is reached (Qcr) [304], the electrostatic force generated by
the charge is high enough to keep the beam in the bottom position causing stiction
of the beam to the dielectric [313]. This situation is reflected in C-V characteristic
as presented in Figure 2.21. The pull-out voltage (positive or negative) reaches or
crosses the zero voltage point.

Changes of the Cdown

The Cdown is defined as the capacitance exhibited by the switch when an actuation
voltage of a magnitude higher than the Vpi is applied. The charge trapped in the
dielectric can cause an increase of the pull-in voltage in a way that the Vpi is higher
than the applied actuation voltage. In this case the beam is not pulled-in and the
switch exhibits a capacitance lower than expected (Figure 2.22).

2.6 Charging-related failure modes

The failure mode is a measurable symptom of a failure. It is observed as a change
of device’s parameters and/or its characteristics. Usually, the capacitance of the
switch is measured during stressing (testing). The Cup and Cdown are determined
and separately plotted as functions of switching cycles or time (Figure 2.23).

There are three main failure modes caused by charging of the dielectric in the
capacitive RF MEMS switches:

• change of the Cup,

• change of the Cdown,

• change of the ton and/or toff .

Changes of the Cup

The Cup is changed when the beam does not return to its initial position after
the actuation voltage removal. A raise of the Cup is directly converted into
decrease of the isolation of the switch in the off-state. Higher Cup indicates an
additional electrostatic force component caused by charge trapping in the dielectric.
Hence, it indicates that the critical amount of charge is trapped in the dielectric.
Measurements of the up-state capacitance during switching are a non-invasive,



Table 2.1: Description of the ranking of the severity parameter of the FMEA
analysis.

Ranking Effect Severity of effect
10 Catastrophic

without warning
Produces an immediate and catastrophic
death of the device

9 Catastrophic with
warning

Fast drift out of specs, catastrophic death
of the device

8 Very high Slow drift out of specs, catastrophic death
of the device. Fast drift out of specs,
remediable after long time.

7 High Slow drift out of specs, catastrophic. Fast
drift out od specs, immediately remediable.

6 Moderate Slow drift out of specs, remediable.
5 Low Fast drift, remains in specs.
4 Very low Slow drift, remains in specs.
3 Minor The device has minor characteristics and

behavior shifts. The device remains in
specs.

2 Very minor External appearance of the device changes
(color for instance) but no changes in
functionality.

1 None No discernible effect.
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Figure 2.19: The trapped charge generates electrostatic force attracting the beam
towards the bottom electrode with no actuation voltage applied a). The deflection
∆x is directly observed as an increase of the Cup b).



Table 2.2: Description of the ranking of the occurrence parameter of the FMEA
analysis.

Ranking Probability Likely Failure Rates
10 Very high: persistent

failures
Occurs in all devices in normal use.

9 Very high: persistent
failures

Occurs in all devices in special
conditions.

8 High: frequent failures Only in special devices in normal
use.

7 High: frequent failures Only in special devices, or package
induced, occurs in special

conditions.
6 Moderate: occasional

failures
Proven failure mode.

5 Moderate: occasional
failures

Proven failure mode: occurs in
special conditions.

4 Moderate: occasional
failures

Proven failure mode: occurs in
special rare conditions.

3 Low: relatively few
failures

Not proven failure mode.

2 Low: relatively few
failures

Not proven failure mode, occurs in
special conditions.

1 Remote: failure is unlikely Less than/equal to 0.01 per
thousand pieces.
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Figure 2.20: Trapping of both types of charges can cause increase of the Cup as
well.
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Figure 2.21: If more than the critical amount of charge is trapped in the dielectric,
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Figure 2.22: Decrease of the Cdown due to the C-V shift.

natural way of monitoring the state of the switch (Figure 2.23a). However, the
change of the Cup capacitance can be caused by different failure mechanisms.
Therefore, it is not always possible to draw conclusions about the cause and
mechanism of this failure mode.

Changes of the Cdown

The Cdown changes when the beam does not move from the up to down position
when the actuation voltage is applied. If, during stressing, the pull-in voltage
becomes higher than the actuation voltage, then the electrostatic force is not high
enough to bring the beam to the down position. I.e. the pull-in does not occur
and the switch exhibits a low capacitance. The decrease of the Cdown is observed
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Figure 2.23: Too high Cup a) or too low Cdown are indications of a failure.
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Figure 2.24: Change of the ∆C due to Cup increase a) and due to Cdown decrease
b). The ∆C observations allows failure detections.

as an increase of the insertion loss in the on-state. The change in the Cdown is
observed during device stressing as it is presented in Figure 2.23b. A not high
enough capacitance exhibited by the switch in the down-state points to a failure.

Changes of the ∆C

The ∆C is another possible failure indicator. It is derived from the Cup and Cdown

measurements. The capacitance difference does not allow distinguishing whether
the failure is due to the Cup increase or the Cdown increase (Figure 2.24). However,
it can be used as a simple failure indicator.
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Changes of ton and toff

Another type of failure mode is the change of switching ton and/or toff times. The
switching on and off times of switches are finite and should stay below specified
ranges (Figure 2.25a). Excessive increase of the ton or toff can be recognized as a
failure (Figure 2.25b). The movement of the beam between up and down positions
is not fast enough. Exceeding of the maximal transition time can be a problem
in systems where the ton and/or toff are critical (e.g. GSM telecommunication).
Change of the switch time can even be observed in a switch that fulfills the max Cup

and min Cdown requirements.

The charging mechanisms causes usually the increase in the switching off time. The
additional electrostatic force decreases the restoring force that brings the beam to
the up-position. Lower force accelerates the beam slower and the time to travel the
distance increases. The ton time is usually improved by the charging. The higher
electrostatic force can accelerate the beam faster, reducing the travel time.

2.7 Other failure mechanisms

Charging is the main failure mechanism in capacitive RF MEMS switches and
the focus of this work. However, the already presented list of possible failure
mechanisms is much longer (2.3). An overview and discussion is given in [339].
More details can be found in the following articles:

More articles about charging:
[340], [313], [341], [342], [343], [344], [345], [346], [347], [348], [349], [350].

RF power related failures:



[351].

ESD:
[352], [353].

Dielectric breakdown voltage:
[354].

Stiction:
[355], [356], [357], [358].

Creep:
[359].

Materials:
[360].

Metal-contact degradation:
[361].

Temperature:
[370], [371], [372], [373].

Influence of shock and vibrations:
[366], [367].

Radiation effects:
[368], [369].

General information about reliability:
[374], [375], [376], [377], [378], [379], [380], [381].



Chapter 3

A look from the charging
perspective

This section presents a look on the switch from the reliability point of view, related
to charging in particular: the switch is considered as an electrostatically driven
beam and the RF properties of the switch are neglected. A use of the beam as a
charging sensor is proposed.

3.1 Charging perspective

As charging is a problem at the top of the FMEA list, a look on the switch from
the charging perspective is presented. The mechanical, RF etc. properties and the
influence on the reliability are not considered here.

Usually, the switch is presented as two parallel conductive electrodes with a dielectric
layer deposited on top of one of them. The charge trapped in the dielectric modifies
the electrostatic force actuating the beam by changing the electric field between
the beam and the actuation electrode. In reality, the problem is more complex
(Figure 3.1). The beam is actuated by the electrostatic force created by the electric
field surrounding the beam. The electric field can be affected by any element of
the switch. The beam can “feel” the substrate, the cap and the sealing ring. The
environment inside the cavity should not be neglected as it is part of the system.
The environment surrounding the beam inside the cavity (air, inert gas, vacuum
etc.) should also be taken into account during the design process.

This work does not contain results of a study of the influence of the packaging on the
lifetime. Only several basic experiments of the packaged structures were performed
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Figure 3.1: A comparizon of the parallel plate model of the switch a) and a model
of a zero-level packaged structure b).

to check whether the switches survive the packaging process. Nevertheless, even
without the package, the dielectric and the substrate material can create a high
number of charging related reliability issues.

In principle, from the charging point of view, the capacitive RF MEMS switch can
represent any electrostatically driven MEMS structure. The problems presented in
this thesis can apply to most of the MEMS structures based on the electrostatic
actuation mechanism.

3.2 The beam as a charge sensor

Several techniques to observe changes of the electric field on the surface of different
materials are derived from the Kelvin probe technique proposed by Lord Kelvin
in 1898 and implemented by Zisman in 1932. Originally, the Kelvin probe is
a technique to measure the contact potential difference [382–386] (Figure 3.2a).
However, the technique allows to measure much more.

After the introduction of the scanning tunneling and atomic force microscopes
(STM and AFM) [387, 388], development of scanning probe microscopy (SPM) lead
to an introduction of SPM implementations of the Kelvin probe [389–392] (Figure
3.2b). Scanning Kelvin probe microscopy, electrostatic force microscopy, scanning
capacitance microscopy etc. are powerful tools in micro- and nanotechnology
diagnostics [393, 394].

The techniques allow measurements of different factors influencing the surface
potential of materials:

• work function and contact potential difference [390], [395], [386],

• charge trapping and detrapping [396], [399], [398], [397], [400],
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Figure 3.2: Kelvin probe is a very useful technique a). Implementation to the SPM
family made a very interesting utensil in microtechnology.

• surface charge [402], [401],

• polarization behavior [403], [404],

• polarization space charge [405], [406],

• adsorption [407], [408],

• potentiometry, voltage distribution measurements [409], [410],

• variations in dielectric constant [389],

• doping profile [411, 412],

• defects [413],

• and more [414–417, 417, 418].

Scanning Kelvin probe microscopy has already been employed in the capacitive
RF MEMS switch reliability study [400]. However, it is a destructive method. The
beam of the switch has to be removed to give access to the area below the beam.
The time between stressing and the potential distribution measurement is long
enough to miss the fastest charging mechanisms.

The Kelvin-probe based techniques use an electrode suspended above a sample.
This configuration brings to mind the capacitive RF MEMS switch. In that case,
the beam of the switch can be used as a surface potential - thus a charge, measuring
tool. The beam can be considered as the probe and the remaining elements, the
substrate and the interposer dielectric, play the role of the sample.

The detection of the electric field is done by detecting the electrostatic force. The
total electrostatic force to actuate the switch from its initial position is constant as
long as the mechanical properties of the beam do not change. The difference between
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Figure 3.3: Possible factors influencing the reliability of capacitive RF MEMS
switches.

the voltages necessary to actuate (Vpi) fresh and charged devices is proportional
to the magnitude and distribution of the trapped charges. Combination of this
information with the test conditions makes the study of the charging behavior of
the capacitive RF MEMS switches possible.

The ”probe” can give only limited information about the electric field below the
beam. The electrostatic force actuating the beam is an average value that contains
components created by the bottom electrode, the interposer dielectric and the
substrate. However, it is still an interesting, fast, noninvasive and cheap way of
testing the reliability of the capacitive RF MEMS switches.

The main drawback of the fact that the beam can sense all the mentioned factors,
is that any of them can impact the reliability of the capacitive RF MEMS switches
(Figure 3.3).

3.3 Solving the charging problems

The charging related reliability issues can be divided into two groups. The first
group should study the influence of the beam on the charge. Several models have
been presented. Still more work is necessary. The second group includes physical
phenomena describing abilities of the material to charge and change the electric
field during stressing. Also this group has already been studied but still not all the
phenomena are fully understood and some of them are probably not revealed yet.



Improvement of the reliability of a switch can be based on dealing with the two
groups of problems. The best way would be to avoid any charge trapping in the
neighborhood of the beam. Sometimes this is not possible, e.g. the substrate must
be nonconductive due to RF properties of the switch. If the charging cannot be
avoided completely, then the beam should be designed as insensitive to the trapped
charge as possible. Combining both aspects it is possible to improve the lifetime of
the switch. However, to do this, complete knowledge about the physics governing
the beam behavior is necessary.

3.4 The study

The lifetime can be influenced by several factors and their mutual relations (3.4).
E.g. the lifetime depends on the amplitude of the actuation voltage but it can
depend on the ambient atmosphere or the substrate material in the same time.
The quality of the interposer dielectric has a direct impact on the lifetime. The
beam-interposer dielectric contact may impact the reliability as well. As the beam
can sense the electric field created or modified by the substrate, the impact of the
substrate should be taken into account during the beam design.

A direct separation of different factors is sometimes impossible. E.g. a switch
cannot work without the substrate. However, a proper combination of the test
conditions allows emphasizing particular mechanisms. A use of dedicated test
structures may help as well.

The experiments presented in the last part of this thesis aimed in distinguishing
particular mechanisms. The results obtained during experiments performed under
various combinations of the test conditions provided important information about
the charging mechanisms. E.g. lifetime tests performed humid and dry atmosphere
allowed observations of the impact of the substrate.
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Chapter 4

Test structures

Most of the experiments presented in this work were performed in the frame of
several projects:

• MEMS2TUNE - Development of a metal-based MEMS technology for realising
tunable/switchable RF modules for wireless applications, an European
Commission FP5 project, IST-2000-28231,

• MIPA - MEMS Based Integrated Phased Array Antennas, an European
Commission FP5 project, IST-2000-28276,

• RETINA - Reliable, tuneable and inexpensive antennas by collective
fabrication process, an European Commission FP6 project, AERO1-2003-
516121,

• ENDORFINS - Enabling deployment of RF-MEMS technology in space
telecommunication, an ESA/ESTEC project, contract no. 18613/05/NL/IA.

The first three projects were focused on the RF properties of the RF MEMS devices
and the reliability study was a small part. Generally, a (low) number of the switches
were provided for lifetime experiments. The structures tested in the frame of these
projects are briefly introduced in the first part of this section.

The focus of the ENDORFINS project was on the reliability of the RF MEMS
switches. The author had the opportunity to participate in the design of the test
structures dedicated to the reliability study. The fabrication and the design of the
test structures are described in the last part of this section.
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4.1 MEMS2TUNE switches

MEMS2TUNE switches are parallel-plate type of RF MEMS devices fabricated on
a high-resistivity silicon substrate. The beam is made of an aluminum alloy. The
interposer dielectric layer is made of PECVD silicon nitride. More details about
the switches can be found in [419, 420].

a) b)

Figure 4.1: The MEMS2TUNE switches: capacitive series a) and capacitive shunt
b).

4.2 MIPA switches

The MIPA switches used for reliability experiments (B- and D-type) are presented
in Figure 4.2. The switch employs a modified clamped-clamped beam. The switches
are fabricated on a high resistivity silicon substrate. The conductive parts of the
switch (ground pads, signal line, beam) are made of an aluminum alloy (AlCu). The
interposer dielectric layer is the PECVD Si3N4. More details about the switches
can be found in [421–424].

4.3 RETINA MEMS switches

The RETINA structures were already introduced in section 1.3.2. The structures
are based on the low complexity switch presented by Siegel et al. [28, 45]. A
microphotograph of the switch is presented in Figure 4.3.

The RETINA structures use the substrate as the bottom actuation electrode. The
actuation voltage is applied between the cantilever beam and the back side of the
wafer (Figure 4.4a). The potential of the back side of the wafer is transferred to the



a) b)

Figure 4.2: MIPA switches: B-type a) and D-type b).

Figure 4.3: RETINA switch microphotograph [28].

surface of the dielectric and the voltage across the air gap (Uair) is (approximately)
equal the Uact (Figure 4.5). The voltage drop across the substrate can be neglected.

Once the cantilever is pulled-in, the tip of the beam lands on the implanted area.
The implantation improves the capacitance between the beam and the signal line
creating a low impedance path for the RF signal (Figure 4.4b). The low capacitance
between the beam and the signal line in the up-state is observed as high isolation.

4.4 ENDORFINS test structures

4.4.1 The processing

There are many possible process flows but they are similar. Differences can be in
the use of various depositing and etching techniques and materials.

The first step is depositing bottom metallization and patterning it (Figure 4.6a).



a) b)

high resistivity Si

SiO2

signal linesignal line

cantilever
 beam

implanted
area

Fel

Uact

RF signal

Figure 4.4: The idea of the RETINA switch a). The implanted area improves the
capacitance in the down-state creating a low impedance path for the RF signal b).
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Figure 4.5: The potential from the backside of the substrate is transferred to the
surface of the silicon oxide layer. The voltage generating the electrostatic force Fel

is approximately equal to the actuation voltage Uact.

Then the interposer dielectric is deposited and patterned (Figure 4.6b). The third
step is deposition and patterning of the sacrificial layer (Figure 4.6c). The fourth
one is deposition the beam metallization and patterning it (Figure 4.6d). The fifth
one is removing (etching) the sacrificial layer to release the beams (Figure 4.6e).
The sixth one should be zero-level packaging of the devices.

The processing steps look simple. However, the large number of similar test
structures, required for the reliability study, demands a high uniformity and a high
repeatability of the particular processing steps.
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Figure 4.6: Process steps: bottom metal deposition and patterning (a), dielectric
layer deposition and patterning (b), sacrificial layer deposition and patterning (c),
beam metal deposition and patterning (d), sacrificial layer removal (e).



4.4.2 The dielectric

During the ENDORFINS project a number of dielectric materials as candidates
for the interposer dielectric were tested in order to find the best performance. The
set contained two different dielectrics: tantalum oxide and aluminum nitride. Both
were processes with two recipes. That resulted in four dielectric materials to be
investigated.

TaO1 and TaO2

The tantalum oxide dielectric was processed with two recipes. The first one (TaO1)
was deposited using the reactive magnetron sputtering. The magnetron sputtering
is a PVD (physical vapor deposition) process. The target material (Ta) is sputtered
with Ar RF plasma. A mixture of oxygen and nitrogen is added to the chamber.
The sputtered tantalum reacts with oxygen and TaO layer is deposited on the
substrate. The nitrogen is added to improve the properties of the TaO.

The second tantalum oxide dielectric (TaO2) is fabricated using anodizing. First
a layer of tantalum is sputtered with magnetron sputtering. Then the layer is
anodized in a solution of citric acid. An anneal step after anodizing is applied.

AlN1 and AlN2

The AlN1 and AlN2 dielectrics were both aluminum nitride deposited using the
pulsed DC reactive magnetron sputtering. However, a difference in the deposition
parameters resulted in slightly different properties of the deposited materials. The
AlN1 and AlN2 were deposited with 250kHz and 40kHz frequency of the pulses,
respectively. The different frequency resulted in various crystallographic properties
of the materials. The AlN1 exhibits a strong orientation along the c-axis and it
shows piezoelectric properties. The AlN2 is expected to have a stronger orientation
in the other crystal planes [425].

4.4.3 The design

As the focus of this work is on reliability, the design of the test structures was
driven by several aspects. The required test structures do not have to be fully
functional devices as long as they are representative from the reliability point
of view, in particular to the charging effects. If the RF properties of the test
structures are neglected, then movable electrostatically actuated beams with a
dielectric layer between the electrodes are sufficient. The movement of the beam
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Figure 4.7: The sacrificial layer is etch via the holes in the beam. The Letch part
of the sacrificial material has to be removed to release the beam.

can be electrically detected by measurements of the capacitance between the fixed
and movable electrodes.

The beam

A simple clamped-clamped strip-type beam was chosen.

The set of designed test structures should allow performing experiments on
structures fabricated with various parameters of the processing steps: different levels
of internal stress in the beam, various thicknesses of the beam and the sacrificial
layer, different beam materials. Since they form the main factors influencing the
actuation parameters, it is important to take into account during the design phase.
It resulted in various lengths of the test structures that allowed actuating the
beams with actuation voltages between 10 and 50V independently on the process
steps parameters.

Previous studies revealed problems with obtaining a high uniformity of the test
structures across a wafer. One of the main causes of the non-uniformity is the
plasma attacking the dielectric during the sacrificial release step. The longer the
release time, the more damaged the dielectric and higher charge trapping become.
The sacrificial layer below the beam is etched from the lateral sides of the beam and
through the etch holes. For full sacrificial removal, the Letch part of the sacrificial
layer has to be removed (Figure 4.7). If the distance varies across the wafer, then
some structures are released sooner than other and the dielectric is unnecessarily
exposed to the plasma. To avoid the unwanted extension of the release time, the
etch length of all the structures is fixed.
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Figure 4.8: The beam consists of a number of modules of fixed metal part
size. Additional metal stripes on the sides are added to fulfill the Letch = const
requirement.

Figure 4.9: An example of a 2 modules wide and 6 modules long beam.

The constant Letch and the need to cover a variety of processing parameters led to
the choice of a modular design of the beam. The beam is constructed of a number
of square-shaped modules (Figure 4.8). The module contains a square-shaped etch
hole and metal portions around it. The width of the metal parts is fixed. The
size of the etch hole can be modified. On both sides of the beam two stripes of
metal are added to fulfill the constant Letch requirement. Placing any number of
the modules next to each other makes it possible to design test structures of any
(discrete) length and width (Figure 4.9).
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Figure 4.10: The Cup/Cdown ratio is fixed by the technology: thickness d and the
permittivity εr of the dielectric layer and the distance between the beam and the
dielectric layer g.

The bottom electrodes

In order to find the dimensions of the beam and the bottom electrode, two main
parameters, the Vpi and the Cdown, should be specified. The Cup/Cdown ratio is
defined by the technology parameters: the distance between the beam and the
bottom electrode and the thickness and the permittivity of the dielectric layer (4.1,
Figure 4.10).

Cup

Cdown
=

ε0A
g

ε0εrA
d

= d

gεr
(4.1)

In the case of the clamped-clamped beam the Cdown is defined by the overlapping
area A between the beam, bottom electrode and dielectric. A is a product of wb

and ws (4.2. The wb and ws are defined in Figure 4.11.

A = wbws (4.2)

The pull-in voltage of the switch depends on the actuation area and the spring
constant of the beam (4.3). The spring constant k of the clamped-clamped beam
actuated by a force applied to the central portion of the beam depends on several
factors (Figure 4.12) [4]. The thickness t, material type (Young’s modulus E,
Poisson’s ratio ν) and internal tensile stress σ are fixed by the technology.

The spring constant k is a sum of two components (4.4). k′ describes the dependency
of the spring constant on the distribution of the force alongside the beam (4.5) and
k′′ is an internal stress related component (4.6).
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Figure 4.11: Definition of the beam and bottom electrodes dimensions.
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Figure 4.12: A model used to calculate the spring constant k of the clamped-clamped
beam suspended above the actuation electrode.

The beam length Lb and the size of the bottom electrode wb (i.e. the actuated
portion of the beam) can be chosen during the design phase. The width of the beam
wb increases the spring constant of the beam and in the same time it increases the
actuation area A. As a result, the pull-in voltage is not influenced by the width of
the beam.
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Figure 4.13: No-contact area can be a source of non-uniform trapped charge
distribution.
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The parameters to be designed are ws and Lb. The wb can be further chosen to
keep the Cdown as desired.

In principle, the ws and wg, thus the Lb as well by the pull-in relation, are linked
by the RF properties of the switch. The wg and ws determine the characteristic
impedance of the CPW. The RF properties of the test structures are out of the
interest of this work and the Cdown is limited only by the sensitivity and resolution
of the test equipment (>1pF). Therefore, the focus of the design was to find the
ws/Lb ratio concerning the reliability issues.

It was mentioned (section 2.5.5) that non-uniform charge trapping can generate
unwanted effects limiting the reliability of the switches. One of the non-uniform
charge trapping sources can be not complete contact of the beam and dielectric
layer in down-state (Figure 4.13).

To find the optimal ws/Lb ratio a number of FEM simulations were performed.
The simulations were performed by Caroline Chen and the MARC MENTAT (MSC
software) tool was used (Figure 4.14).

The electrostatic actuation was mimicked by applying a uniform pressure on the
beam in the region overlapping with the actuation electrode. This only partially
represents the reality of the complex electrostatic actuation. However, it helps to
grasp the problems related to the contact.

FEM simulations results

First, three structures of fixed Vpi and different values of the ws/Lb ratio were
simulated. The results show that the higher ws/Lb ratio generates a non-contact
area (Figure 4.15). The portions of the beam that do not touch the dielectric
become short and stiff. The electrostatic force is not high enough to attract them
to the surface of the dielectric. Lowering the ws/Lb ratio improves the contact
(smaller non-contact area). However, at the same time the beam length increases



Figure 4.14: An example of the FEM result: the beam deformed under applied
pressure.
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Figure 4.15: Changing the ws/Lb ratio can modify the quality of the contact.

degrading the dynamic properties of the switch. The longer the beam, the lower is
the resonance frequency, and the longer are the switch on and off times are.

Changing the ws/Lb ratio can be done in two ways:

• by changing the length of the beam with the size of the bottom electrode
fixed,

• by changing the size of the bottom electrode with the length of the beam
fixed.

The results of FEM simulations of the two cases are presented in Figure 4.16.
Decreasing the size of the bottom electrode improves the contact area at the cost
of a lower Cdown. Increasing the beam length improves the contact area at the cost
of the dynamic properties of the structure. The ws/Lb = 1/3 ratio seems a good
compromise. The beam is not too long and creates a contact of more than 90% of
the total dielectric area.
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Figure 4.16: The ws/Lb ratio can be modified by changing the size of the bottom
electrode a) or the length of the beam b). ws/Lb = 1/3 seems a good compromise
between the size of the beam and the contact quality.

The complete structure

The dimensions of the designed test structures are presented in Table 4.1. The
Cdown is intentionally designed much higher than the assumed 1pF. Indeed, previous
experiments show that often the measured down-state capacitance is much lower
than the designed value. The origin of this effect was not clear. The finite roughness
of the interposer dielectric and the beam material are only two of possible causes.
For this reason, the Cdown was designed a factor of ten higher in order to avoid
eventual measurements difficulties. The Cdown values listed in Table 4.1 are
calculated for a dielectric material exhibiting a permittivity of 30. The foreseen
use of different dielectric materials with possibly lower ε will result in a lower
Cdown. The designed dimensions should assure a measurable capacitance in case of
different processing variations.

Additionally, switches with 480µm and 840µm long beams of 200 µm width (nw = 6)
are designed.

Every test structure should allow probing. Since no RF measurements were planned,
standard 100µm x 100µm square-shaped contact pads, for needle-type probes, were
added. The distance between the contact pads is in general not limited. However,
a large number of the test structures and a possibility of automated probing led
to the design of the contact pads as presented in Figure 4.17. The ground pads
are extended to allow probing most of the test structures on a wafer with fixed
positions of the probes. Two ground pads were designed to increase the probing
flexibility.



Table 4.1: The results of the calculations of the dimensions of the bottom electrode
ws and the beam Lb with different beam metal thickness t and internal tensile
stress σ. The corresponding Vpi are listed as well.

t σ Lb ws Vpi nL nw wb Cdown

[µm] [MPa] [µm] [µm] [V ] [µm] [pF ]
1 50 480 144 47.1 16 4 140 26.8
1 100 480 144 66.2 16 4 140 26.8
1 200 480 144 93.2 16 4 140 26.8
1 50 840 252 26.7 28 4 140 46.8
1 100 840 252 37.6 28 4 140 46.8
1 200 840 252 53.1 28 4 140 46.8
1 50 1680 504 13.3 56 2 80 53.5
1 100 1680 504 18.8 56 2 80 53.5
1 200 1680 504 26.5 56 2 80 53.5
1 50 1980 594 11.3 66 2 80 63.1
1 100 1980 594 15.9 66 2 80 63.1
1 200 1980 594 22.5 66 2 80 63.1
2 50 480 144 69.7 16 4 140 26.8
2 100 480 144 95.7 16 4 140 26.8
2 200 480 144 133.4 16 4 140 26.8
2 50 840 252 38.3 28 4 140 46.8
2 100 840 252 53.6 28 4 140 46.8
2 200 840 252 75.4 28 4 140 46.8
2 50 1680 504 18.9 56 2 80 53.5
2 100 1680 504 26.6 56 2 80 53.5
2 200 1680 504 37.6 56 2 80 53.5
2 50 1980 594 16.0 66 2 80 63.1
2 100 1980 594 22.5 66 2 80 63.1
2 200 1980 594 31.9 66 2 80 63.1
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Figure 4.17: The designed structures contain the bottom actuation electrode, the
beam and the ground pads that allow actuating most of the test structures on a
wafer with fixed probes positions.
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Figure 4.18: Simplified test structures - beams on non-patterned metal and dielectric
layers - allow testing charging properties of different dielectric materials.

The anchors

The anchors of the test structures were extended laterally on purpose.

The test structures should allow actuation of the structures fabricated with a
variety of processing conditions. One of the foreseen ENDORFINS experiments was
testing simplified test structures to study charging properties of different dielectric
materials. The structures contain beams fabricated on a substrate fully covered
with a metal layer (bottom actuation electrode) and dielectric layer (interposer
dielectric) (Figure 4.18). Actuation of such test structures requires probing the
anchor of the beam. In order to avoid damaging the beams and inducing unwanted
stress in the beams, the anchors were designed as presented in Figure 4.19. Probing
the bottom electrode involves scratching through the dielectric layer.
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Figure 4.19: In order to avoid damaging the beam during probing, the anchors
were extended with T-shaped areas.

4.4.4 Wafer mapping

The test structures are placed in 1cm x 1cm cells. Each cell contains a number of
similar test structures (Figure 4.20a). The cells are organized in 4 quarters. Each
quarter includes the same number of cells. In the central part, along the X and
Y symmetry axes, a number of packaging dedicated test cells are placed (Figure
4.20b). Several process check modules (PCM) and alignment modules complement
the test structures placed on the whole 6” wafer mask set.

Many more test structures were designed dedicated to a number of various reliability
related experiments. However, several processing issues did not allow performing
all the foreseen experiments. Most of the experiments performed in the frame of
this work were performed on the presented test structures (Figure 4.21).



a)

b)

Figure 4.20: Structures organized in cells a) are placed in 4 similar quarters b). A
number of cells dedicated to packaging experiments are placed along the X and Y
symmetry axes.
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Figure 4.21: Microphotographs of fully processed a) and simplified b) (no bottom
metal and dielectric patterning) ENDORFINS test structures. Visible scratch after
probing the bottom metal layer.



Chapter 5

Instrumentation

Most of the experiments performed in the frame of this work are based on
observations of the device’s response to an applied stimulus. The response depends
on the actual state of the device, which is directly linked to the amount of and
distribution of trapped charges. Differences in the response recorded before,
during and after stressing with various actuation voltages and under different
environmental conditions can bring valuable information about the physics of
the failure mechanisms. The response of the switch (beam displacement) can be
observed using several techniques classified in two groups: optical and electrical.

This section presents the techniques that were used to characterize and test the
capacitive RF MEMS switches in the frame of this work.

First, the optical methods are briefly introduced.

The electrical methods, including the dedicated ELT system, used in the reliability
study presented in this work, are describe in more detail in the second part of this
section.

5.1 Optical methods

This section presents the basics of two optical methods that can be used in reliability
studies of the capacitive RF MEMS devices. The white light interferometry and
laser Doppler vibrometry techniques are described.
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Figure 5.1: The idea of the white light interferometry.

Figure 5.2: White light profilometry allows topography measurements.

5.1.1 White light interferometry

The white light interferometry measurement technique is based on the interference
of two light beams. Classical interferometry uses monochromatic light usually
generated by a laser. The difference between the classical and the white light
interferometry is the use of non-monochromatic (white) light. The white light
improves resolution and measurement range of the measurements and reduces
additional unwanted interferences e.g. caused by eventual dust particles on the
surface [426].

The idea is presented in Figure 5.1. The light beam is split into two beams.
The reference beam is reflected from a fixed mirror. The measurement beam
illuminates the sample. The reflected beams (the reference from the mirror and
the measurement from the sample) interfere and the interference fringes can be
observed with the camera. The interferometer is moved along the Z axis in a certain
range. Detection of the interference fringes during scanning allows topography
measurements (Figure 5.2).

Main features:
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Figure 5.3: The idea of the laser Doppler vibrometry: interference of two beams
allow detection of the frequency shift ∆f .

• measurements of the whole specimen at the same time,

• high XY spatial resolution (∼ 1 µm),

• high Z resolution (∼ 1 nm),

• relatively long measurement time (∼ several to tens of seconds),

More information about the white light interferometry can be found in [427] and
[428].

5.1.2 Laser Doppler vibrometry

Laser Doppler vibrometry (LDV) is a technique based on the Doppler Effect. The
Doppler Effect is a change of the wavelength (thus the frequency) of any wave
reflected from an object moving with respect to the source of the wave. In case
of the LDV a laser (HeNe) is the source of a light wave. As the frequency of the
light is in the order of PHz the direct measurement of the frequency shift ∆f is
impossible.

To detect the change of the frequency interference of the incident of frequency f
and the reflected beam of frequency f + ∆f is used. As a results a modulated
light beam of frequency ∆f is obtained (Figure 5.3). Based on the frequency shift
measurement, the velocity of the moving object and traveling distance is calculated.

The simple interferometer does not allow distinguishing the direction of the
movement. Therefore, more advanced systems e.g. heterodyne or homodyne
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Figure 5.4: Two beam mode allows reducing the sensitivity to external vibrations.

interferometers are used. The detection of the direction of the displacement is
possible. The sensitivity to hum and noise is additionally decreased [428].

The LDV can work in a differential mode in order to cancel parasitic vibrations
from the environment. Two laser beams are focused on the sample. One of the
beams is a reference beam and should be focused on a static part of the sample.
The second beam (measurement beam) should be focused on the moving portion
of the sample. The calculated difference gives information of the movement of the
moving portion with respect to the non-moving part of the sample (Figure 5.4).

The position of the measurement beam can be controlled (Figure 5.5). Measure-
ments of more than one point allow reconstructing the movement of a movable
surface (Figure 5.6).

reference
beam

measurement
beam
path

Figure 5.5: Controlling the position of the beam allows reconstruction of a movable
surface.

Main features:

• out-of-plane movement measurements,



• one point real-time measurement,

• high XY spatial resolution ∼ 1 µm

• very high Z resolution of tens of picometers,

• possibility of surface movement measurement by point-by-point scanning.

Figure 5.6: A Laser Doppler vibrometer measurement result.

5.2 Electrical methods

5.2.1 RLC meters

The commercially available RLC meters allow measurements of the capacitance
with the resolution of fF [429]. The capacitance measurement resolution and range
of such meters are satisfactory. However, the measurement time (tens of ms) is
too long for the transition observations of the capacitance of the switches. The
RLC meters allow actuating the MEMS devices. Though, the ability of generation
actuation waveforms is limited.

Nevertheless, a number of measurements using the Agilent E4980a RLC meter
were performed in the frame of this work.

5.2.2 RF based techniques

A natural way of testing the performance of an RF-MEMS switch would be
embedding it in a real system including RF power transmitters and receivers. This
approach makes the measurements expensive and complex. Another way is to
use RF equipment, e.g. network analyzers, to measure the RF characteristics of
the switches. The resolution of the S-parameters measurements is satisfactory.
However, the time resolution is not high enough to detect the transitions.



A number of modified RF-based test techniques have been presented [44, 50,
132, 141, 327, 334, 430–432]. They all employ a source of an RF signal and a
power detector. In this approach the power reflected (one port measurement) or
transmitted (two port measurements) is measured. Based on the power level the
state of the switch can be determined. The technique is less precise than the
S-parameters measurement, though it allows for fast transitions measurements.
Nevertheless, they are interesting methods for reliability experiments.

Main features:

• measurements of the real RF properties of the switch,

• limited use of biasing schemes,

• high cost.

5.3 The ELT system

The lack of commercially available dedicated test equipment led to development of
the electronic lifetime test (ELT) system presented by van Spengen [433]. The idea
of the system is presented in Figure 5.7. The actuation voltage Uact and the high
frequency sensing signal UHF are mixed and fed to a device via a known resistor
R. The capacitance of the switch Cswitch and the resistance R create a voltage
divider. The amplitude of the high frequency signal is modulated by changes of
the capacitance of the switch. The signal is further demodulated. The amplitude
of the output signal is related to the capacitance of the switch.

The idea allows building a small and simple, yet powerful, test set-up. However,
the relatively low frequency of the sensing signal (∼ 10MHz) makes the system
sensitive to the influence of the substrate material. Figure 5.8 shows an example
of a C-V characteristic of a device fabricated on a high resistivity silicon wafer.
The C-V curve as measured by the ELT shape is distorted due to the polarity
dependent influence of the substrate.

Main features:

• low complexity and price,

• tens fF resolution,

• possibility of measurements in switch and relay configurations,

• 10 µs measurement time allows transition measurements,

• limited amplitude of the actuation voltage,
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Figure 5.7: The idea of the ELT system: a voltage divider built of a known resistor
R and the tested capacitive RF MEMS switch Cswitch. The actuation (A) and
sensing (B) signals are mixed and the sum (C) is fed to the tested device via a
known resistor R. Changes of the capacitance of the switch (Cswitch) result in
modulation of the sensing signal (D). The demodulated signal (E) is proportional
to the capacitance of the switch.
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Figure 5.8: Relatively low frequency of the sensing signal (∼ 10MHz) make the
output signal sensitive to the substrate material influence. The distorted shape of
the C-V curve is caused by the influence of the silicon substrate.



• fixed frequency of the carrier signal,

• relatively low frequency of the carrier signal (∼10MHz) makes the system
sensitive to the substrate material of the device,

The limitations of the first implementation led to building an improved version
presented in the next section.

5.4 The HSF ELT system

5.4.1 The high frequency concept

The improved implementation of the previously introduced ELT system, the HSF
ELT (High Sensing Frequency Electronic Lifetime Test) is based on the same idea
of the voltage divider. However, shifting the frequency of the sensing signal to
higher range (∼ 500MHz) allowed improving the sensitivity and reducing impact of
silicon substrates on the output voltage. The higher frequency also allows reducing
the measurement time to less than 1 µs. The components used for building the new
ELT system allow application of higher amplitudes of actuation voltages (tested up
to 150V vs. 40V in the low frequency ELT). Another significant change included
miniaturization of the sensing head (Figure 5.9). In order to reduce the influence
of parasitic capacitances, it was decided to place the sensor as close to the tested
device as possible. The sensing part is combined with a probe needle that is
directly connected to the signal detector. Thanks to that, the sensing head is
placed approximately 2 cm from a device. The source of the high frequency signal
is a voltage controlled oscillator (VCO). The frequency of the signal can be tuned
to obtain optimal sensitivity. The used VCO allowed tuning the frequency in the
range from 400 to 700MHz.

5.4.2 The ELT output signal interpretation

The output signal of the ELT is proportional to the impedance of the tested device
(Figure 5.10a). As the impedance of the capacitive RF MEMS switch is mainly
modified by the changes of its capacitance, the results are presented as changes
of capacitance. Although there is a possibility of a calibration of the system, the
results are influenced by the impedance of the substrate. The system needs to be
calibrated for each substrate material.

It was mentioned that modification of the up- and/or down-state capacitance can
be identified as reliability problems. However, in the first phase of the study, the
stiction and/or lack of the actuation were dominant effects. Therefore, detection of
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Figure 5.9: The sensing head, integrated with a probing needle, consists of the
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Figure 5.10: The C-V characteristic as measured: the change of the ELT output
voltage ∆Uout represents changes of the capacitance of the switch during the
C-V measurement a). The C-V characteristic measurement is presented as the
capacitance C as the signal output follows the changes of the capacitance of the
tested switch b).

the presence of pull-in and pull-out (i.e. fast significant change of capacitance) is
the most important issue. Information about the absolute capacitance value is less
essential. For this reason the calibration was usually omitted.

Nevertheless, as the change of the signal is mainly related to the capacitance changes,
the results are presented as capacitance vs. cycles/time (lifetime experiments) or
voltage (C-V measurements) with arbitrary units (Figure 5.10b).



5.4.3 Actuation voltage source

In the previous implementation from van Spengen an arbitrary waveform generator
(e.g. Agilent 33120A) with a voltage amplifier were employed. The generator
is able to generate a wide range of waveforms used for stressing (unipolar and
bipolar rectangular with variable amplitude, frequency and duty cycle) as well as
the triangular waveform for the C-V characteristic measurements. An arbitrary
waveform can be constructed out of limited number of 32000 points. However,
switching between different waveform during a lifetime experiment causes unwanted
perturbations:

• the time to switch between the waveforms (∼ 1s) can influence results of
experiments,

• voltage spikes present at the output of the generator can inject additional
amount of charge or cause de-trapping of it leading to a misleading result.

The need for limiting the time to switch the waveforms led to the implementation
of a data acquisition card (DAQ) with a 16-bit analog output. This results in a
waveforms switching time below 100ms and eliminated the problem of the limited
number of sample points.

The actuation signal from the data acquisition card is amplified with a voltage
amplifier stable (no oscillations) under a capacitive load. Examples of the square
waveforms generated by the DAQ + amplifier system are presented in Figures 5.11.
To assure high precision of the C-V characteristic measurements, a high linearity of
the amplifier is required. The transfer characteristic of the amplifier (Figure 5.12a)
shows a high linearity of the amplifier. That results in a shape of the generated
triangular waveform as presented in Figure 5.12b.

Another important parameter is the switching speed of the amplifier. The switching
time of the voltage actuation source should be lower than the switching time of
the tested switches. Preliminary experiments showed switching times of about 100
µs (at 1 atm). The aim was to achieve the switching speed of the amplifier below
10 µs. The results of the switching times measurements are presented in Figures
5.13 and 5.14. The obtained switching on ton and off toff times are 3.65 µs and
3.55 µs, respectively.

5.4.4 System stability

The long term stability of the measurement setup is a key issue for the reliability
study. The testing system should give reliable readout throughout the whole
experiment time. There are two possible sources of uncertainty in the presented
system: the ELT output voltage and the actuation voltage instability.
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Figure 5.11: Examples of unipolar positive a) and negative b) square waveforms
generated by the DAQ+amplifier actuation voltage source.
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Figure 5.12: High linearity of the DAQ+amplifier system, indicated by the transfer
characteristic a), results in a high quality shape of the triangle waveform b) used
for C-V characteristic measurements.

The ELT readout stability

To test the stability of the ELT readout, the output voltage Uout was measured
without any switch connected. The result is presented in Figure 5.15. The Uout

changed with about 36mV during 310h (14 days) of testing which is more than
20% of the typical voltage swing (100-200mV) observed during a C-V characteristic
measurement. The change is relatively large. However, as long as the difference
between the Cup and Cdown can be distinguished and the Vpi and Vpo can be
defined, the ELT readout instability is not such a big issue. The more important
one is the stability of the actuation voltage generation circuit.

The actuation generation stability

The DAQ + amplifier system stability was tested by generating a triangular
waveform (bipolar, 10V, 10Hz) and measuring the amplifier output voltage. The
experiment was conducted for 310h (14 days) with the output voltage recorded
every 1h. The results are presented in Figure 5.16.
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Figure 5.15: The ELT output voltage changed about 36mV during 310h observation.

The drift of 0V, 10V, and -10V potentials were monitored. The mentioned values
do not change more than 50mV from the initial value.
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Figure 5.16: The actuation voltage stability test results. The set 0V a), 10V b)
and -10V c) voltages drift less than 50mV during 310h observation.
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Figure 5.17: The ELT in the PAV.

5.4.5 The ELT setup

The ELT sensing head is only a part of the ELT system. The block diagram is
presented in Figure 5.17. The actuation voltage is generated by the DAQ card
and is amplified by the voltage amplifier. It can be connected and disconnected
from the sample by a relay in the junction box. The junction box contains a power
supply for the head. The VCO tuning voltage is supplied by an additional voltage
source and modified manually. The measurement signal from the head is fed to
an analog input of the DAQ card and collected and processed by the PC. The PC
controls the whole ELT+chamber system.
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Figure 5.18: The sensing head of the ELT is placed inside an environmental chamber
a). The data acquisition card, the voltage amplifiers and the junction box are
placed underneath the chamber to minimize the length of the connecting cables b).
The system is controlled with a PC c).

5.5 Combination of the ELT and the chamber

In order to assure stable and repeatable test conditions and allow testing the switches
under various environmental conditions (temperature, pressure, atmosphere
composition), the ELT system is combined with an environmental chamber. The
ELT sensing head is placed inside a SussMicrotec PAV-150 environmental chamber
(Figure 5.18). The chamber allows DC and RF probing, controlling the temperature
and pressure of different gases. The required equipment (DAQ card, voltage
amplifiers, junction box, etc.) is placed underneath the chamber to minimize the
length of the connecting cables in order to minimize hum and noise.

The automated XYZ stage of the PAV-150 chamber creates the opportunity of
automating the measurements. A PC with the National Instruments LabView
software allows development of programs that can control the whole experimental
setup. The main features of the LabView program (Figure 5.19):



• fully automated wafer screening (C-V measurements),

• fully automated lifetime experiments with several end-of-life criteria,

• observation of the parameters of a tested device (evolution of Cup, Cdown,
Vpi and Vpo during an experiment,

• devices stressing with any actuation waveform,

• C-V measurements before, during and after experiments,

• manual and semi-automatic experiments.

The program is open to modifications. It was adopted depending on the performed
experiments, to maximize its functionality.

Figure 5.19: A screenshot of the LabView program controlling the ELT+chamber
setup.





Chapter 6

Preliminary experiments

This chapter presents results of a preliminary study on the reliability of the
capacitive RF MEMS switches. A number of experiments on MIPA and
MEMS2TUNE test structures were performed. The presented experiments were
chronologically the first experiments performed within the frame of this work. The
results pointed to many interesting aspects of charging in capacitive RF MEMS
switches. Valuable experience and insight were gained from these experiments.
This was used and extended during the later experiments presented in the next
sections.

6.1 Influence of biasing: actuation voltage amplitude

6.1.1 Introduction

The goal of the first experiments was to test the lifetime of the MEMS2TUNE
capacitive switches. As testing of the devices can take time, an accelerated testing
method is desired. However, the accelerated testing requires at least basic knowledge
about the mechanism limiting the lifetime.

Assuming the Poole-Frenkel conduction mechanisms governing the dielectric
charging, the Goldsmith’s model to predict the lifetime can be used. The
experiments performed at higher amplitudes of the actuation voltage, when devices
fail within a relatively short time, allow plotting the LT vs. Uact graph and finding
the lifetime at the desired Uact. In the same time, the obtained results allow
checking the agreement with the model.
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6.1.2 Results of the experiments

A number of MEMS2TUNE devices with actuation voltages with an amplitude
ranging from +16V to +31V were stressed. The unipolar actuation waveform of
100Hz and 50% duty cycles was used. The EOL90%∆ C criterion was used to
determine the lifetime.

Figure 6.1 shows examples of the obtained results. The lifetime experiments at
+16V actuation voltage was stopped before the end-of-life point was reached (Figure
6.1a). The lifetime of the switch stressed with +20V was ambiguous (Figure 6.1b).
The ∆C decreased after some time, however, not due to an increase of the Cup.
Therefore, the failure was not caused by the stiction of the beam to the interposer
dielectric. The EOL of the switch tested at +26V (Figure 6.1c) was due to stiction:
the Cup increased significantly.

Figure 6.2 shows the LT vs. Uact graph. The lifetime of the switches stressed with
a higher actuation voltage is lower than the lifetime of the switches actuated with a
lower actuation voltage. The trend is similar to the one predicted by the charging
model of Goldsmith [3]. That points to the Poole-Frenkel conduction mechanism
as a possible one limiting the lifetime of the switches.

6.1.3 Summary

The slope of the log LT vs. Uact curve is not clear. The scattered lifetime results
show non-uniformities in the tested structures. E.g. non-uniform thickness of
the dielectric layer results in different charging properties. Therefore, an eventual
prediction of the lifetime at lower Uact can be loaded with a significant error.
The limited number of available test structures did not allow performing more
experiments.

6.2 Influence of biasing: polarity

6.2.1 Introduction

The next parameter of the actuation voltage that can affect the lifetime of the
capacitive RF MEMS switches is the polarity. The structure is highly asymmetric.
The dielectric is deposited on the metallic bottom electrode. The top surface of
the dielectric layer is exposed to gas (air). The beam touches the dielectric in the
actuated state. Though, the top contact can be different than the bottom one.
The gas, humidity and contamination, finite roughness, additional oxides on the
surface of the beam metal etc. can affect the contact quality changing the charging



a) unipolar, +16V, 100Hz, 50%d.c.

1.0

0.5

0.0

C [a.u.]

10
0  10

2  10
4  10

6  10
8

cycles

MEMS2TUNE U-1088-05
A6 se_02_3

 Cup
 Cdown 1.0

0.5

0.0

∆C [a.u.]

10
0  10

2  10
4  10

6  10
8

cycles

MEMS2TUNE U-1088-05
A6 se_02_3

 Cdiff

b) unipolar, +20V, 100Hz, 50%d.c.

1.0

0.5

0.0

C [a.u.]

10
0  10

2  10
4  10

6  10
8

cycles

MEMS2TUNE U-1088-05
A6 se_02_6

 Cup
 Cdown 1.0

0.5

0.0

∆C [a.u.]

10
0  10

2  10
4  10

6  10
8

cycles

MEMS2TUNE U-1088-05
A6 se_02_6

 Cdiff

c) unipolar, +26V, 100Hz, 50%d.c.

1.0

0.5

0.0

C [a.u.]

10
0  10

2  10
4  10

6  10
8

cycles

MEMS2TUNE U-1088-05
A6 se_02_8

 Cup
 Cdown 1.0

0.5

0.0

∆C [a.u.]

10
0  10

2  10
4  10

6  10
8

cycles

MEMS2TUNE U-1088-05
A6 se_02_8

 Cdiff

Figure 6.1: Examples of lifetime test results on MEMS2TUNE switches. The
switches were tested with various amplitudes of the actuation voltage. The lifetime
of the switch tested with the lowest amplitude a) was higher than the lifetime of
the switch tested with the highest amplitude c). Test conditions: 25◦C, N2, 1atm,
light on.
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indicate experiments stopped before end-of-life was reached.

properties. The differences can make the lifetime sensitive to the polarity of the
actuation voltage.

6.2.2 Experimental results

To verify the hypothesis, two lifetime experiment with different biasing schemes
were performed using the MEMS2TUNE structures. The different senses of the
electric field in the gap were obtained by applying an actuation voltage of the same
polarity (positive) to either the bottom electrode (Figure 6.3a) or to the beam
(Figure 6.3b). That is equal to application of the positive and negative voltages to
the bottom electrode. The obtained results are presented in Figure 6.3c-f.

The observed lifetime of the switches stressed with the equivalent positive and
negative actuation voltages is 200 and 5000 cycles, respectively. The different
lifetime can point to possible different charging time constants. However, it does
not say anything about the types of charges trapped in the switch.

More information about the charge trapped in the switches during stressing can be
obtained by introducing C-V characteristic measurements. The C-V characteristic is
measured before and after the stressing. Changes of the curve can give information
about the type of trapped charges (see section 2.5). In this case, different senses of
the electric field cause a shift towards positive (Figure 6.3g) or negative (Figure
6.3h) voltage indicating negative and positive charge trapping, respectively.
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Figure 6.3: The actuation voltage (positive) applied to either the beam a) or to the
bottom electrode b) results in the electric field of opposite senses in the gap. The
devices stressed with different senses of the electric field exhibit different lifetimes
c-f). The direction of the C-V characteristic shift depends on the sense of the
electric field as well g-h). Test conditions: 25◦C, N2, 1atm, light on.



6.2.3 Discussion and summary

A shift towards positive voltages is observed when a positive actuation voltage
was applied to the bottom electrode. That indicates trapping of negative charges.
The negative actuation voltage (i.e. positive voltage to the beam) caused a shift
towards negative voltages indicating the positive charge trapping.

The direction of the C-V curve shift, thus the type of the trapped charges, depends
on the polarity of the used actuation voltage. The polarity dependent direction of
the C-V curve shift was expected. The observed difference in lifetime is attributed
to different time constants of trapping positive and negative charges.

6.3 Influence of biasing: waveform shape

6.3.1 Introduction

The previous sections shows the results of experiments performed using actuation
voltages of one polarity at a time, i.e. unipolar. However, that is not the only
possible way of actuating the capacitive RF MEMS devices.

A bipolar actuation voltage is often proposed as a remedy for the charging. For
example, an improvement of the switches’ lifetime actuated using the bipolar
actuation waveforms is observed by the Lincoln Laboratories and the University of
Michigan [4].

The results of experiments presented in this section were supposed to verify the
proposed method.

6.3.2 Unipolar vs. bipolar waveforms

The influence of the type of the biasing waveform (uni- vs. bipolar) on the lifetime
of the switches was checked using the MIPA switches. Two structures were tested
using unipolar and bipolar actuation waveforms (Figure 6.4a and b). The results
of the lifetime tests are presented in Figure 6.4c-h.

First, the unipolar actuation voltage was used and a lifetime of 2 · 106 cycles was
observed (Figure 6.4c). The increase of the Cup indicates the stiction of the beam
to the dielectric (Figure 6.4e). The C-V characteristic measurement performed
after stressing shows the negative pull-out voltage crossing the 0V point (Figure
6.4g).



Next, a switch was stressed with the bipolar actuation voltage. In this case a
decrease of the ∆C was observed as well (Figure 6.4d). However, the Cup and
Cdown plots and the C-V characteristic (Figure 6.4f and h) show that the change
of the ∆C was not caused by a stiction or a lack of actuation. Both, positive and
negative pull-out voltages did not cross the 0V point. The pull-in voltages did not
become higher than the actuation voltage. Therefore, the lifetime of the switch
stressed with the bipolar actuation voltage is more than the tested 17 · 106 cycles.

The higher lifetime obtained during stressing the devices with the bipolar stressing
shows that the use of a bipolar waveform can indeed improve the reliability of the
capacitive RF MEMS switches. However, the changes in the C-V characteristic
(Wpi decrease) allow drawing a conclusion that some kind of charging still takes
place. This kind of C-V deformation is described by Rottenberg [305, 309]. The
visible narrowing of the C-V curve is attributed to either a non-uniform distribution
of the charge or trapping of both, positive and negative, type of charges at the
same time. Nevertheless, a failure still can occur.

6.3.3 Fast-switching bipolar actuation waveforms

Another group of actuation waveforms improving the reliability of the switches is
proposed in literature [4]. The idea is to apply an alternating actuation voltage
as presented in Figure 6.5a. If the time to switch between the polarities is lower
than the time-to-off of the switch, then the beam does not react and remains in
the down position. Keeping the time of each positive and negative part low is
supposed to prevent charge trapping. The toff of the MEMS2TUNE switches
is about 150µs (Figure 6.5b) and is much longer than the switching time of the
DAQ+amplifier (section 5.4.3). The time of each positive and negative part is
set to 50µs. The generated actuation waveform is able to keep the beam in the
bottom position during the on-state (Figure 6.5c). The device was stressed for
5 · 106 cycles with the switching frequency of 100Hz and the amplitude of 35V. The
capacitance vs. cycles curves (Figure 6.5d and e) show that the switch did not fail
during stressing. However, the C-V characteristic measurements show a narrowing
of the curve indicating degradation of the switch (Figure 6.5f).

6.3.4 Understanding of the influence of the bipolar waveforms

To understand the functioning of the bipolar actuation waveform a two-phase
experiment was proposed. A switch was first stressed with a positive actuation
waveform and after some time it was immediately switched to a negative one. The
evolution of the C-V characteristic was observed by C-V measurements every 50·103

cycles. The positive and negative pull-in and pull-out voltages were extracted and
plotted as a function of cycles (Figure 6.6).
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Figure 6.4: The lifetime results obtained during stressing with unipolar a) and
bipolar b) actuation waveforms are 2 · 106 e) and more than 17 · 106 f) cycles,
respectively. The EOL is caused by the shift g) or the narrowing h) of the C-V
characteristic. That indicates different mechanisms responsible for the failures.
Test conditions: 25◦C, N2, 1atm, light on.



a) b)

-40

-20

0

20

40

U [V]

20151050
t [ms]

50µs
1.0

0.5

0.0

C [a.u.]

5.45.25.04.8 t [ms]

MEMS2TUNE U-1088-05
A6 se_02_3

150µs

c) d)

1.0

0.5

0.0

C [a.u.]

1050 t [ms]

1.0

0.5

0.0

C [a.u.]

10
0  10

2  10
4  10

6

cycles

MEMS2TUNE U_1088_05
C2 sh_04_4

 Cup
 Cdown

e) f)

1.0

0.5

0.0

∆C [a.u.]

10
0  10

2  10
4  10

6

cycles

MEMS2TUNE U_1088_05
C2 sh_04_4

 Cdiff

1

0

C [a.u.]

-40 -20 0 20 40
U [V]

MEMS2TUNE U_1088_05
C2 sh_04_4  before

 after

Figure 6.5: The high capacitance in the on time shows that the beam remains in
the down position during switching with the fast bipolar actuation voltage. Test
conditions: 25◦C, N2, 1atm, light on.
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The C-V curve shifts towards positive voltages during the first phase. Then, the
negative actuation part causes a shift of the C-V towards the negative voltages.
The positive charge causing the shift during the positive stressing phase seems to
be de-trapped and replaced with charge of opposite polarity during the second
phase. Yet, not all the charge is de-trapped. The visible narrowing of the C-V
curve indicates some remaining charge. The narrowing of the C-V characteristic
is attributed to trapping of two types of charges (see section 2.5.4). It is highly
possible that after some time of stressing a failure will occur.

6.3.5 Summary and conclusions

It is shown that the bipolar actuation waveforms can improve the reliability of
the capacitive RF MEMS switches, i.e. enhance their lifetime. However, the
presented method does not solve the charging problem. The narrowing of the C-V
characteristic observed during stressing is attributed to trapping of two types of
charges. As one part of the stressing waveform (e.g. positive) causes trapping of
one type of charges, the second part (e.g. negative) can let part of the trapped
charge escape. However, it causes additional trapping of charge of opposite polarity
in the same time.
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Figure 6.7: The results of lifetime experiments performed at different frequencies
of the actuation voltage. The lifetime expressed in the number of cycles shows
different results a). However, the results are the same when expressed in the
down-time b). Test conditions: 25◦C, N2, 1atm, light on.

6.4 Influence of biasing: frequency

6.4.1 Introduction

A study of the influence of the actuation waveform frequency on the lifetime of the
capacitive switches was presented by van Spengen [313]. The results show that the
lifetime of the switches is determined by the total down state and not the number
of switching cycles.

To confirm the observations, the MEMS2TUNE devices were stressed with
actuation waveforms of various frequencies. The degradation of the devices was
monitored using the technique introduced in the previous section: C-V characteristic
measurements during stressing.

6.4.2 Results

Figure 6.7 shows the evolution of the negative pull-out voltage as a function
of switching cycles (a) and the down-state time (b). In both cases, the V −po is
approaching the 0V level indicating charge trapping.

The pull-out voltage recorded during stressing a device with 100Hz seems to change
faster than when the 200Hz waveform is used. However, it can be illusive. When
the pull-out evolution is showed as a function of the down-state time then a similar
degradation of the devices (C-V characteristic shift) is observed.



6.4.3 Summary and conclusions

The results show that the charge trapping can be a mechanism governed by the
time and not the number of switching cycles. Charge trapping occurs when an
electric field across the dielectric is present. That happens when an actuation
voltage is applied and the beam is in the down position touching the dielectric.

The difference between the lifetime expressed in cycles and time shows that a
comparison of lifetime of two different switches cannot be made based only on
the reported number of switching cycles. Devices tested at different switching
frequencies may exhibit different lifetime, although, suffering from the charge
trapping in a similar way.

The information about the frequency of the stressing actuation voltage is important.
Two different devices should be tested at the same frequency, the obtained lifetime
should be expressed in the down-state time or the testing conditions should be at
least mentioned.

6.5 Influence of biasing: duty cycle

6.5.1 Introduction

The bipolar actuation experiment showed that the trapped charge can be (partially)
de-trapped by applying an external field of opposite polarity. However, it is possible
that the charge can be released if a previously stressed switch is not actuated. A
switch that reached end-of-life could recover when not actuated for some time. An
experiment to check that issue was proposed and discussed in the following.

6.5.2 Irregular C-V measurements

As the full C-V characteristic is measured using the bipolar triangular waveform,
the C-V measurement itself could cause a release of the trapped charge. Therefore,
the C-V curve was measured not every 30 minutes as commonly done (Figure 6.8a).
The measurements were taken in consecutive 10 and 50 minutes periods (Figure
6.8b).

C-V measurements performed in regular time periods do not allow distinguishing
between the spontaneous and C-V measurement induced charge de-trapping. A
plot of V +

po evolution in time obtained from C-V measurements taken every 30 min
would show a continuous decrease (Figure 6.8c). That can be observed when either
of the two de-trapping mechanisms occurs.



The (10+50) method clearly differentiates the two mechanisms. If the charge was
de-trapped mainly due to the negative part of the C-V measurements then the
change of the pull-in and pull-out voltage would run in steps (Figure 6.8d).

6.5.3 Charge de-trapping observation

First, a MEMS2TUNE switch was stressed for a number of cycles. A unipolar
actuation voltage was used and the C-V characteristic before and after stressing
was measured. The C-V curve changes indicate that some charge is trapped
during stressing (Figure 6.9). Next, the device was kept un-actuated and the C-V
characteristic was monitored every 10 and every 50 min.

The evolution of the Vpi and Vpo are presented in Figure 6.10a. The C-V
characteristic, shifted towards the positive voltages during stressing, shifts back
to 0V and becomes symmetric, indicating de-trapping of the trapped charge. A
closer look to the C-V evolution (Figure 6.8d) shows that the change of the e.g.
positive pull-out voltage between two C-V measurements taken in 10 minutes
slightly shifts towards positive voltages (Figure 6.10b). The C-V measurement
causes additional trapping of the charge that is not fully released before the next
measurement performed 10 minutes later. The 50 minutes time distance seems long
enough to de-trap the charge trapped during the C-V measurement and part of the
charge trapped during initial stressing. This confirms that the C-V measurement,
although it is very fast, affects the measurement.

Despite the impact of the C-V measurements, the experiment shows that the charge
trapped during stressing can be de-trapped when the device is not actuated. In
that case, the duty cycle of the actuation voltage waveform should have an impact
of the lifetime of the switches. This is verified in the following experiment.

6.5.4 Impact of the duty cycle

Two more MEMS2TUNE switches were stressed with unipolar actuation voltages.
A duty cycle of 50%, 80% and 100% was used. The amplitude of 25V and frequency
of 100Hz were fixed. The evolution of the C-V characteristic was observed by
C-V measurements every 50 · 103 cycles (i.e. 8.3 min). Figure 6.11 shows the
obtained relative changes of the negative pull-out voltages as a function of the
down-state time obtained during a 50% duty cycle lifetime test. The V −po changes
faster when waveforms of a higher duty cycle are used, even if compared within
the same down-state time.
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6.5.5 Summary and conclusions

The presented results impair the hypothesis about the down-state time determining
the lifetime. It is observed that the up-to-down time ratio, determined by the duty
cycle of the actuation voltage waveform, can also influence the lifetime. The charge
trapped during the on-state can be released during the off-state. The higher the
up-to-down time ratio is, the higher lifetime of the switch can be obtained.

The observed effect proves that the lifetime of the capacitive RF MEMS switches
is sensitive to the up-to-down time ratio. That will have an impact on the use of
the switch in different applications. The use of the switches in particular systems
should be optimized in order to obtain a high lifetime.

6.6 Impact of environment: atmosphere composition

6.6.1 Introduction

It has been pointed out that the lifetime of the switches can be influenced by the
environment [336]. The observed lower lifetime of switches tested in ambient air,
with respect to the results obtained in N2, is attributed to the humidity present in
the air. The humidity can enhance charge trapping. To verify the hypothesis, a
similar experiment was performed. The influence of the atmosphere on the lifetime
of the capacitive switches was tested. The results are discussed in the following
section.

6.6.2 Results

Two MIPA switches in dry N2 and ambient air atmosphere using the same amplitude
of the actuation voltage were tested. The results are presented in Figure 6.12a.
The lifetime of the switch tested in ambient air is about 500 times lower than the
lifetime of the switch tested in N2.

The hypothesis about the humidity influencing the lifetime can be further verified
by testing a switch in a different, yet dry, gas atmosphere. Out of a large number
of possibilities, helium was chosen. It was a relatively easy-accessible and safe
candidate.

Another MIPA device was tested in He atmosphere. Due to observed disturbances,
the lifetime experiment was performed using a lower actuation voltage Ű 30V. The
result, compared with the one obtained in dry N2 atmosphere, is presented in



Figure 6.12b. The lifetime of the switch tested in He is lower (a factor of 10) even
though it was tested with a lower actuation voltage.

As the used He was dry, humidity could not be the (only) cause of the lower
lifetime.
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Figure 6.12: Lifetime of a switch tested in ambient air is lower than the lifetime of
a switch tested in N2 atmosphere at the same amplitude of the actuation voltage
a). The lifetime of a switch tested in He atmosphere is lower than the lifetime of a
switch tested in N2 atmosphere b). The lifetime of the switch tested in He was
expected to be higher due to lower actuation voltage. The shift and narrowing of
the C-V characteristics indicate EOL due to charging c) and d). Test conditions:
25◦C, light on.

6.6.3 Discussion

Another difference between the two gases lies in their electrical properties. That
can be a possible factor influencing the lifetime of the switches.

Indeed, there is a significant difference in electric strength of helium and nitrogen
gases. The nitrogen electric strength is about 1kV/mm and the helium electric



strength is about 150V/mm [437]. The lower breakdown voltage of He corresponds
to the observed lower lifetime.

The electric strength of the ambient air can also be different. It may vary between
0.4kV/mm and 1.5kV/mm as reported by Vijh, Kubuku and Al-Arainy [437].
Moreover, it depends on the humidity of the air: the higher the air humidity is,
the lower the breakdown voltage is. The breakdown voltage depends on the type
of atmosphere [440], shape and material of the electrodes [438] and the surface
conditions (roughness, pollution etc.) as well [439].

Ionization of the gas, due to the electric breakdown, generates ions that can be
trapped on the surface of the dielectric layer. In a system of two electrodes, one
covered with a dielectric layer, a back discharge can occur resulting in the dielectric
charging as well.

The phenomenon is used for electrets formation. Dielectric material is placed
close to two electrodes and a gas discharge, usually corona discharge, is invoked
[441–445].

The breakdown of the gas can be influenced by charge trapped in the dielectric
due to other mechanisms. The charge modifies the distribution of the electric field
and can initiate the gas discharge even if it could not occur when no charge was
trapped [446, 447].

A more detailed study of this phenomena was foreseen. A number of test structures
to study this phenomenon were designed. However, the test structures could not
be used due to processing problems.

6.6.4 Summary and conclusions

The influence of the composition of the ambient atmosphere on the lifetime of the
capacitive RF MEMS switches has been presented. A stable and humidity-free
environment should be assured for reliable operation of the switches. A hermetic
package, filled with a gas (or a mixture of gases) of a high electric constant, seems to
be necessary. That requirement may have a big impact of the design and fabrication
of not only the capacitive RF MEMS switches. Reliability of any electrostatically
driven MEMS device can be affected by the environment.



6.7 Impact of environment: gas pressure

6.7.1 Introduction

The previous section presents the influence of the ambient gas on the lifetime
of the capacitive RF MEMS switches. The observed difference in the lifetime of
switches tested in different environmental conditions was attributed to mainly two
aspects: humidity and gas breakdown. Both are possible sources of additional
charge trapping lowering the lifetime of the switches.

The lifetime of the switches seems proportional to the electric strength of the
ambient gas: the lower the electric strength is, the lower the lifetime of the switch
is. Different breakdown voltages can be obtained by changing the ambient gas.

The electric breakdown between two electrodes separated with a gap filled with
a particular gas occurs at a breakdown voltage Vbr. Vbr depends on the pressure
of the gas and the distance between the electrodes. The relationship between the
breakdown voltage, pressure and gap size (6.1) was presented by Paschen in 1889
[452]. Figure 6.13 shows the Vbr vs. p× d curve. The breakdown voltage decreases
with decreasing p× d product until it reaches a minimum. Further decreasing of
the p× d causes an increase of the breakdown voltage.

Vbr = a(p× d)
ln(p× d) + b

(6.1)

where:
Vbr - breakdown voltage,
p - gas pressure,
d - distance between the electrodes,
a, b - gas composition dependent constants.

6.7.2 Lifetime vs. pressure

The lifetime of several MEMS2TUNE switches was tested under various pressure of
N2. The devices were stressed using a positive 100Hz, 50% d.c. actuation voltage
applied to the bottom electrode. Figure 6.14a shows results of the experiment.

The lifetime of the devices depends on the pressure. It decreases with decreasing
gas pressure. Below 20mbar the lifetime of the tested switches was about 100
cycles. A further decrease of the pressure did not show any change. At 10−8

bar the lifetime of the tested switch was similar to the one obtained at 20mbar
(Figure 6.14b). If the lifetime was limited due to the breakdown of the gas following
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35V, positive actuation voltage, 100Hz, 50%d.c., 25◦C, light on.

Paschen’s law, then an improvement in lifetime should be observed at very low
pressure (thus the p× d).

6.7.3 Deviation from Paschen’s law

According to Paschen’s law, an increase of the breakdown voltage should be observed
at a (p× d) left from the min Vbr point. Therefore, the breakdown of the gas was
not expected to take place in MEMS. Dimensions in the order of µm guaranteed
operating in the safe area left from the minimal breakdown voltage.
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Figure 6.15: The observed Vbr vs. p × d curve for low gaps is different than the
theoretical Paschen’s curve. The breakdown voltage does not increase when the
p× d product is decreased below the min Vbr point [448–450].

However, a discrepancy between the theoretical model and the observed results
has been shown in literature as well. If the distance between the electrodes is
lower than about 4-5 µm, then there is no increase of the breakdown voltage with
decreasing the p× d product (Figure 6.15) [448–450]. The breakdown, in the case
of 4-5µm air gaps, is similar to the breakdown of vacuum gaps of less than 200µm.
Breakdown of vacuum is mainly attributed to the electron field emission as the gas
ionization is less probable.

In the case of the gaps higher than the mentioned 4-5µm, the ionization can be
induced by electron field emission from the electrodes. The electron field emission
is strongly related to the material of the electrodes. Therefore, the breakdown
voltage, for low gaps, may depend on the electrodes material as well [451].

6.7.4 Influence of biasing scheme

The observed degradation of the lifetime of the capacitive RF MEMS switches with
decreasing ambient pressure is attributed to the breakdown of the gas. Therefore,
the biasing scheme is expected to have a big impact on the lifetime.

First, the influence of the polarity (positive and negative) and type of biasing
waveform (unipolar and bipolar) on the lifetime of the switches at lower pressure
was tested. Several lifetime experiments using the MEMS2TUNE switches under
various conditions were performed. The results are presented in Figure 6.16.

No significant difference between the lifetimes of the switches tested using the
positive and negative actuation voltage was observed. The switches stressed with
the unipolar and bipolar waveforms achieved similar lifetimes. The difference (a
factor of 10) is similar to the one observed at atmospheric pressure.
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Figure 6.16: No difference in lifetime of the devices stressed with the positive
and negative actuation voltages at 0.1bar is observed a). The difference between
the lifetime of the devices actuated with the unipolar and bipolar waveforms at
10−8bar (a factor of 10) is similar to the one observed at atmospheric pressure.
Distinguishing the type of charges causing the failure is difficult as mainly the
narrowing of the C-V characteristic is observed c-f). Test conditions: N2, 35V,
100Hz, 50% d.c., 25◦C, light on.
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More experiments to understand the influence of the polarity of the actuation
waveform on the lifetime at low pressure should be performed.

6.7.5 Influence of frequency and duty cycle

No big impact of the polarity (positive vs. negative) and shape (unipolar vs.
bipolar) of the actuation voltage is observed. However, there are other properties
of the actuation voltage that may have an influence on the lifetime of the switches.
Therefore, a number of experiments including stressing the devices with various
values of the frequency and duty cycle of the actuation waveform were performed.

First, lifetime of a number of MEMS2TUNE switches using waveforms with
frequencies of 1Hz, 10Hz and 100Hz was tested. The devices obtained similar
lifetime expressed in number of cycles (Figure 6.17a). However, the lifetime is
different if plotted as a function of the down-state time (Figure 6.17b). This is
opposite to what was observed at atmospheric pressure (see section 6.4). This
observation points to the transitions, up-to-down or down-to-up, being responsible
for the failure.

An experiment that could help verifying this hypothesis was proposed. Two devices
were stressed using actuation waveforms emphasizing charging either during the
transitions or during the down position. The first waveform mimics the initial part
of the up-to-down transitions (Figure 6.18b). It contains a number of pulses, short
enough to avoid the beam-dielectric contact. Keeping the period of the pulses
shorter than the ton makes the beam stay in the up position. So, charge trapping
due to high field across the dielectric should be reduced. The ton at 2 · 10−8bar
was determined from one of the previous experiments and is equal to about 40µs



(Figure 6.18a). Therefore, 10µs wide pulses are adequate. The standard frequency
of 100Hz was used.

Figure 6.18d shows that the capacitance of the device remains low during
the experiment, indicating a lack of the beam-dielectric contact, as intended.
Nevertheless, the device failed after 300 pulses due to narrowing of the C-V
characteristic (Figure 6.18f). In the second part of the experiment a DC voltage
of 35V for a period of 98s was applied to the device (Figure 6.18c). The device
stayed in the bottom position during the measurement (Figure 6.18e). The C-V
characteristic measured after the stressing shows no changes with respect to the
curve measured before the experiment (Figure 6.18g).

Considering the duty cycle of the waveforms, the results are opposite to the ones
obtained at atmospheric pressure (see section 6.5). The dielectric of the switch
actuated with the 10µs pulses, was effectively stressed with 0% duty cycle voltage.
Though, it showed more changes than the switch actuated with the DC actuation
voltage.

6.7.6 More experiments

The lifetime of more MEMS2TUNE devices was tested under various pressures
and amplitudes of the actuation voltage. Changing the amplitude allows obtaining
”high” (> 105 cycles) and ”low” (< 103 cycles) lifetime at each pressure level
(Figure 6.19a). I.e. it is possible to improve the lifetime at the same amplitude of
the actuation voltage by changing the pressure.

Figure 6.19b shows a comparison of the data obtained at 1mbar and 1bar. The
slope of the LT vs. Uact curves is different. That may indicate an additional
mechanism limiting the lifetime.

6.7.7 Discussion

Section 6.6 describes the observed impact of the ambient atmosphere composition
on the lifetime of the capacitive RF MEMS switches. A different lifetime is observed
when devices are tested in various types of gases. Switches tested in He exhibit a
lower lifetime than the ones tested in N2. The two gases have different breakdown
voltage: 150V/mm and 1kV/mm for He and N2, respectively. Therefore, the lifetime
limitation is attributed to the gas breakdown that can occur during actuation of
the switch. Charges generated during the breakdown (ionization) may be trapped
and limit the lifetime of the switches.

The breakdown voltage of one type of gas can be modified by changing its pressure.
According to Paschen’s law, the breakdown voltage changes with the changing
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Figure 6.18: The pull-in (up-down) transition time ton in vacuum is reduced to
about 40µs a). The short-pulses waveform b), keeping the beam remaining in the
top position (low capacitance d), causes a failure after about 300 cycles due to
narrowing of the C-V characteristic f). A DC voltage c) makes the beam touch the
dielectric (high capacitance e). However, even after 98s the changes of the C-V
curve are minor g). Test conditions: 25◦C, light on.
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at each pressure level if the Uact amplitude is changed a). The slope of the LT
vs. Uact curve depends on the pressure indicates additional factor limitting the
lifetime b).

pressure of the gas. The observed relation between the lifetime and the pressure of
the ambient gas seems to prove the hypothesis about the breakdown limiting the
lifetime.

Paschen’s law describes an increase of the breakdown voltage left to the minimum.
This was not observed. The experiments show no improvement of lifetime at low
values of the p× d component. However, that corresponds to the modified Paschen
curve for low gaps (< 4µm). The breakdown voltage decreases with decreasing
p× d component. This is due to electron emission initiating gas ionization.

It is shown that the degradation of the devices at low pressure (10−8 mbar) is not
due to charging of the interposer dielectric in the actuated state. The lifetime is
limited by the number of up-down transitions of the switch independently on the
frequency and duty cycle. A failure is observed even if the beam is not touching
the dielectric during stressing.

The link between the gas composition, pressure and amplitude of the actuation
voltage points to a gas breakdown. It is highly possible that the breakdown is
initiated by an electron emission from the electrodes. Performing more experiments
would help in plotting a Paschen’s curve and determining the d parameter at which
breakdown occurs. The known value of the gap size would help in finding the
breakdown place. The breakdown does not have to occur always in the same place.
The position of the breakdown may also depend on the pressure and the applied
voltage. The gap between the beam and the dielectric is not the only possible place.
The breakdown can occur in any place between the electrodes as well (Figure 6.20).
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Figure 6.20: The breakdown can occur in different places: between the beam and
the dielectric A, between the actuation electrode and the ground plane B. It can
occur even if the shortest distance between the edges of the electrodes is lower
than the critical distance at given pressure and voltage. Particles can travel along
longer field lines C d).

6.7.8 Summary and conclusions

The results presented in this section show that the MEMS devices can be sensitive
to the environmental conditions. The earlier presented impact of humidity is not
the only environment related factor influencing the reliability of the devices. The
type of used atmosphere and its pressure may also have a huge impact on the
lifetime. Some part of the environment related issues can be solved by a proper
design and choice of material. However, in some cases a need for a use of hermetic
packages seems mandatory.

6.8 Summary and conclusions

The preliminary experiments presented in this chapter were performed on a limited
number of available devices. However, it is shown that he lifetime of the capacitive
RF MEMS switches can depend on many factors influencing charging. The
amplitude, polarity, shape, frequency, duty cycle need to be taken into account
during designing a switch. The influence of the environment cannot be neglected.
The lifetime can depend on the environmental conditions that cannot be forgotten
during the design phase.

The presented results show that the Poole-Frenkel mechanism, considered the main
source of failures, is a possibility. However, the lifetime can depend on many other
factors as well.

Finally, these first experiments allowed development of new testing techniques. The
C-V measurements proved to be a powerful tool. The actual condition of the tested
device can be easily checked. However, the influence of the C-V measurements on
the actual condition of the tested device cannot be neglected.

The experiments presented in the next part of this work were performed using
mainly the ENDORFINS devices. The structures were foreseen for a reliability



study focused on aspects of charging.



Chapter 7

Evaluation of the ENDORFINS
test structures

Based on the results of the preliminary experiments presented in chapter 6, several
test structures were designed and processed within the frame of the ENDORFINS
project (see chapter 4).

Before starting any lifetime experiments, the basic parameter of the devices, the Vpi,
should be identified. Often, the parameters are provided by the designers. However,
due to discrepancies between the designed and obtained material properties, the
real Vpi can differ from the designed value. Therefore, the Vpi value should be
confirmed by a C-V characteristic measurement.

The C-V characteristic of a real device is presented and compared to the theoretical
one in this section. An attempt to understand the possible sources of discrepancy is
taken. Next, the influence of test conditions on the results of the C-V characteristic
is discussed and the usefulness of the ENDORFINS structures in the reliability
study is verified.

The reliability study requires a number of similar devices. The differences in the
parameters of the devices on one wafer are caused by non-uniformities of the
processing steps. Results of wafer screening are further presented.

7.1 The C-V characteristic of a real device

Figure 7.1 shows a comparison of the theoretical (a) and measured (b) C-V
characteristics of a capacitive RF MEMS switch. There are several differences
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Figure 7.1: A comparison of the theoretical a) and measured b) C-V characteristics.

visible. Starting from the 0V point, the capacitance of the real switch increases
as the theoretical model predicts. After crossing the Vpi voltage, the beam is
attracted to the bottom electrode and a significant increase of the capacitance
is observed. Increasing the voltage above the pull-in causes an increase of the
capacitance of the switch. That can be caused by a lack of full beam-dielectric
contact due to the shape, stress and stress gradient in the beam. The beam in the
down state does not touch the dielectric in the entire area (Figure 7.2a). Increasing
the actuation voltage (above the Vpi) causes an increase of the electrostatic force
in the non-contact regions (Figure 7.2b-c). The improved contact is observed as a
higher capacitance (Figure 7.2d).

A similar situation takes place when the actuation voltage is decreased from a
magnitude higher than the Vpi to values below the Vpo. In the case of the theoretical,
parallel plate model, the capacitance should remain constant until the Uact < Vpo

is reached. In the real switch the capacitance gradually decreases with decreasing
actuation voltage. The electrostatic force attracting the beam decreases and smaller
and a smaller part of the beam touches the surface of the interposer dielectric. At
a certain point, the electrostatic force is lower than the mechanical restoring force,
and the pull-out occurs. The effect reminds pealing-off. The observed transition
is not as sharp as during the pull-in. Therefore, the localization of the pull-out
voltage is more difficult.

7.2 Vpi and Vpo in charging studies

Observations of charge trapping and de-trapping require the use of an indicator
that does not misrepresent the information about the trapped charge. The response
of the indicator should be as linear as possible. As the pull-in and pull-out voltages
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Figure 7.2: Lack of the perfect beam-dielectric contact in the down-state a) is
a possible cause of the observed increase of the capacitance with increasing Uact

above the Vpi. The contact area depends on the amplitude of the applied actuation
voltage. Higher Uact generates more electrostatic force improving the contact and
the Cdown (b and c). The effect can be observed in the C-V characteristics (d).
A similar situation is observed during the pull-out transition. The beam is not
released at once. The contact area (thus the capacitance) gradually decreases until
the electrostatic force is lower than the restoring mechanical force (pull-out point)
e).



are charge sensitive parameters of the switch, both can be used as the charge
indicators. However, they can be modified differently, e.g. in case of a non-uniform
distribution of charge.

As presented by Rottenberg [305], the positive and negative Vpo‘s are influenced
more than the Vpi‘s. I.e. the pull-out window Wpo is narrowed more than the
pull-in window Wpi. Moreover, the pull-in and pull-out voltages are additionally
modified by the gap non-uniformities in the presence of a non-uniformly distributed
charge [310]. The beam in the up position creates less non-uniformities than when
it is in the down position. It is clear that Vpo is much more influenced than Vpo

by various parameters such a beam shape, non-uniformity of the gap etc. For
that reason, the Vpi is a more reliable charge indicator than the Vpo. Even though
mainly changes of the pull-out voltages limit the lifetime of the switches.

7.3 Optimal C-V measurement conditions

The C-V characteristic measurement should not disturb the lifetime experiments.
The effect of the C-V measurement should be as low as possible. Still, it should
provide reliable information about the actual switch condition. There are mainly two
parameters that can be tuned to optimize the C-V measurements: the measurement
time tCV and the voltage amplitude UCV .

7.3.1 Measurement time

To assure a minimal influence of the C-V measurement, the total measurement
time tCV should be kept as low as possible. However, a too short measurement
time can result in deformations of the C-V curve. Figure 7.3 shows results of C-V
measurements performed too fast. The positive and negative pull-out voltages
crossed 0V point on the curve (Figure 7.3a). It can be misinterpreted as a failure.
The curve in Figure 7.3b shows a lack of the pull-outs. The position of the beam,
deducted from the measurement (Figure 7.4), shows that the beam does not follow
the actuation voltage. The beam does not have enough time to go to the up position.
At the moment when the applied voltage is 0V, the beam still partially touches
the dielectric. When the voltage increases again, after switching the polarity, the
electrostatic force attracts the beam back towards the bottom electrode. After the
first pull-in, the beam stays in the bottom position during the entire measurement.
That can be wrongly interpreted.

To distinguish whether the observed C-V curve is a result of a too fast measurement
or of charging during the measurement, another C-V measurement, with a longer
time, should be performed. Figure 7.5 shows the result of a measurement with
much longer time. The pull-out‘s can be very well defined. However, the long tCV
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Figure 7.3: Examples of the C-V characteristics measured with too short
measurement time. The observed failure mode - the pull-out voltage crossing
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Figure 7.4: The beam does not reach the up position when the actuation voltage is
0V and even low voltage, after switching the polarity, keeps the beam in the down
position.

(1s in this particular case) can cause significant trapping or de-trapping of the
charges.

The measurement time should be experimentally chosen for each type of device.
Figure 7.1b shows a C-V curve of an ENDORFINS switch measured with tCV =
100ms. It seems to be a good compromise between the obtained shape of the curve
and the measurement time. 100ms is a time equal to 10 switching cycles with the



1

0

C [a.u.]

-10 0 10
U [V]

ENDORFINS 07_144_04
R2C4-T-R1Cf

Figure 7.5: A longer measurement time (tCV = 1sec) allows better pull-out voltage
definition. However, it can introduce more disturbances in the trapped charges.
Test conditions: 25◦C, N2, 1atm, light on.

frequency of 100Hz typically used in lifetime experiments. 10 cycles are negligible
if compared with lifetimes of minimum thousands of cycles observed. In the same
time, the shape of the C-V curve shows that the beam reaches the up position
when the actuation voltage drops below the pull-out voltage. The fuzzy pull-out
transition does not allow for precise pull-out voltage extraction. Nevertheless, it is
acceptable since it was decided to use the pull-in voltages for lifetime monitoring
(see 7.2).

The ELT system data acquisition card allows measurements of the C-V characteristic
with the total time of less than 1ms. Though, the Vpi and Vpo resolution
drops. The C-V characteristic measured during 1ms allows pull-in and pull-out
voltage extraction with the resolution of 0.25% of the UCV . Typically, the C-V
measurements were performed with tCV = 100ms resulting in the resolution of
0.1% of the amplitude. E.g. tCV = 100ms and UCV = 40V allows extracting the
pull-in/pull-out with a resolution of 40mV.

7.3.2 Amplitude

The choice of the UCV should be made taking all the possible changes of the pull-in
voltage during stressing into account. I.e. the applied voltage must be higher than
the Vpi during the whole lifetime test. On the other hand, it should not be too
high in order to avoid influencing the lifetime test results.

Most of the C-V characteristics, presented in this work, were measured with the
amplitude of the C-V actuation voltage significantly higher (30-50%) than the
pull-in voltage. It was not modified during the experiments. The required minimal
impact of the C-V measurements was achieved by minimizing the measurement
time.
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Figure 7.6: In some cases a unipolar C-V characteristic can be measured using the
positive part of the triangular waveform only a). However, the obtained C-V curve
can give limited information b).

There is a possibility of smart C-V measurements. The capacitance of the switch
can be observed while increasing the actuation voltage. The measurement should
be stopped immediately after detection of a significant increase of the capacitance,
indicating the pull-in occurrence. This type of measurements could be implemented
in the ELT program in the future.

In some cases, a unipolar C-V characteristic can be used (Figure 7.6). However,
it does not give the full information about the trapped/de-trapped charge. It is
not possible to distinguish whether the pull-in voltage changes due to the shift or
narrowing of the C-V curve.

7.4 Designed and measured Vpi discrepancy

The measured pull-in voltage differs from the calculated/designed value. The
calculated pull-in of a 140umx480um beam switch (3um gap, 1um thickness, AlCu),
is about 47.1V taking the lowest considered initial stress (50MPa) into account
(see Table 4.1). The measured value of about 14V is much lower. The difference
between the designed and measured value of the pull-in voltage can be caused by
several factors.

7.4.1 Initial stress

The deposition condition of the beam material may differ resulting in a different
initial stress. On top of that, the value of the internal stress provided for the
pull-in voltage calculations is measured in layer deposited directly on a silicon or



glass wafer [434, 435]. The beam metallization of the switches is deposited on the
sacrificial layer. In the end the beam is released. Therefore, the resultant internal
stress may vary (Figure 7.7).

a) b)

metal layer

substrate substrate

beam

Figure 7.7: The internal stress in the metal layer is measured in a layer deposited
directly on the substrate a). The beam of the switch is deposited on the sacrificial
layer and finally released b).

7.4.2 Bowing and plies

The fabricated beams are not flat due to a finite stress gradient. The bowing can
change the distribution of the electrostatic force and spring constant influencing
the pull-in voltage (Figure 7.8a). The picture shows visible discontinuities (plies)
in the beam, created by non planar layers below the beam. The discontinuities can
be considered as a type of corrugations affecting the spring constant of the beam
(Figure 7.8b).

7.4.3 Influence of anchors

The model used for the Vpi calculations assumes perfect anchoring (Figure 7.9a).
The beam anchors in the real switch can bend (Figure 7.9b). That can change the
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Figure 7.8: Finite initial-stress gradient causes bowing of the beams a). Non-planar
layers below the beam results in discontinuities (plies) in the beam b). Both can
affect the pull-in voltage.



spring constant of the beam, thus the pull-in voltage, as well.

a) b)
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beam
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Figure 7.9: The model considers a perfect clamping of the beam a). The anchors
of the real structure can bend changing the spring constant of the beam b).

7.4.4 Presence of substrate

The used model does not take into account the presence of the substrate. The
dielectric substrate changes the distribution of the electrostatic force between the
actuation electrode and the beam and may influence the pull-in voltage (Figure
7.10).

a) b)
beam

Eact

beam

substrate

Figure 7.10: The used model takes only the perpendicular component of the
electric field between the actuation electrode and the beam into account a). The
modifications of the electric field due to the presence of the substrate (dielectric
material) are neglected b).

7.4.5 Impact of CTEs mismatch

The used model does not take the influence of the thermal expansion of the beam
and the substrate into account. During the design, a certain tensile stress is
considered. At 25 ◦C the internal stress is indeed tensile. However, the situation
changes when the temperature of the wafer is elevated. Different coefficients of
thermal expansion (CTE) cause higher elongation of the beam than the substrate.
The internal stress changes from tensile to compressive causing buckling of the
beam. Figure 7.11a shows results of a profile measurement performed at different
temperatures. At 50 ◦C, the distance between the beam and the bottom electrode
can change by more than 7µm. That significantly changes the pull-in voltage.
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Figure 7.11: Profile and C-V measurements show a high sensitivity to elevated
temperatures. The beam expands more than the substrate resulting in compressive
stress causing the beam buckling a). A small change of temperature can result in
downward buckling of the beam decreasing the Vpi. In some cases, the actuated
beam changes the concave to convex shape and stays in the bottom position c). At
50 ◦C the pull-in increases to more than 50V d) C-V measurements were performed
in N2, 1atm atmosphere with light on. The profilometry was performed in ambient
air.

The profilometry results were compared with C-V characteristic measurements of
the devices at various temperatures. The pull-in voltage of the switch drastically
changes with temperature. The Vpi observed at 30C is lower than the Vpi at 25 ◦C
(Figure 7.11b). That is a result of a possible downward buckling of the beam. The
resultant gap is lower, thus the pull-in decreases. At higher temperatures, the
beam is buckled upwards increasing the pull-in. However, only one part of the C-V
characteristic could be measured. The initially concave shaped beam can flip to a
convex shape due to the compressive stress. It may remain in the down position
even after actuation voltage removal (Figure 7.11c). At 50 ◦C the gap increases to
a level that the pull-in voltage is higher than 50V (Figure 7.11d).



The high sensitivity of the pull-in voltage on temperature make lifetime experiments
under various temperatures very complicated.

Nevertheless, the thermal stability of the capacitive MEMS switches can be assured
by a proper design [436].

7.4.6 Influence of holes

The beam holes are neglected during the design phase. The holes can change the
mechanical properties of the beam due to changing the total cross section area and
modifications of the internal stress.

7.5 Exemplary lifetime test results

Figure 7.12 shows exemplary results of lifetime tests performed on ENDORFINS
structures, both simplified and fully processed (see 4.4.3). In both cases, the C-V
characteristics are measurable (Figure 7.12a and b). The beam follows the applied
actuation signal (Figure 7.12c and d) and the up- and down-states are detectable
(Figure 7.12e and f). The change of the ∆C is high enough to determine the
end-of-life of the device (Figure 7.12g and h).

Therefore, the ENDORFINS devices, both simplified and fully processed, can be
used for in depth reliability studies.

7.6 Wafer uniformity and wafer-to-wafer repeatabil-
ity

A reliability study requires the use of a large number of similar devices. A high
repeatability of the parameters of the fabricated devices is determined by the
uniformity of the processing steps. The key parameters influencing the pull-in
voltage are the thickness of the sacrificial layer and the thickness and internal stress
of the beam metal layer. The uniformity (or non-uniformity) is directly mirrored
in the distribution of the Vpi across the wafer. The uniformity of all ENDORFINS
wafers was verified by monitoring the distribution of the pull-in voltage.

The C-V characteristics of a number of devices were measured. Figure 7.13 shows
the positions of the tested devices. The devices are organized in cells.

In both cases, the simplified and fully processed structures of two sizes of beams
were measured. The dimensions of the beams:
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Figure 7.12: Examples of lifetime tests results of ENDORFINS simplified and fully
processed devices. The C-V characteristic is measurable a) and b). The response of
the switch on the applied actuation voltage (rectangular, unipolar, 50% d.c., 100Hz)
c) and d) allows detection of the up- and down-states e) and f). The end-of-life,
change of the ∆C is detectable as well g) and h). Test conditions: 25◦C, N2, 1atm,
light on.
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Figure 7.13: Location of the tested devices on the ENDORFINS wafer.

• simplified: 80µm and 140µm wide, 600 µm long (V cell),

• fully processed: 140 µm and 200µm wide, 480 µm long (O, P, T, U cells).

Figure 7.14a shows the distribution of the Vpi of the simplified structures placed in
the V-cell. The pull-in voltage of the structures is 8.5 ±0.20V and and 7.7 ±0.19V
for 80µm and 140µm beams, respectively.

The distribution of the Vpi of the fully processes structures placed in cells O,P,T
and U is presented in Figure 7.14b. The pull-in voltage of most of the devices on
the ENDORFINS 07 028 13 wafer is 14.0 ±0.18V and 14.2 ±0.21V for 140µm and
200µm wide beam, respectively. Similar results are obtained on the other wafers
fabricated within the ENDORFINS project.

A comparison of pull-in voltage fabricated on different wafers show a high
repeatability of the processing. There is a difference of about 1V between the
wafers with the simplified test structures (Figure 7.14c and e). The structures on
two fully processed wafers exhibit the same pull-in voltage (Figure 7.14d and f).

The observed difference in the Vpi of the narrow and wide beams is caused by the
bowing of the beams. Theoretically, the pull-in voltage of clamped-clamped beam
switches should be independent on the width of the beam as long as it is equal to
the width of the bottom electrode. The electrostatic force, thus the pull-in voltage,
is slightly different due to the different shapes of the beams.
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Figure 7.14: The C-V measurements results show a high uniformity of the devices
on wafers a-b). The high wafer-to-wafer repeatability allows comparison of devices
fabricated on different wafers c-f).

7.7 Summary and conclusions

Both simplified and fully processes ENDORFINS structures can be used as test
structures in the charging study. The C-V characteristic is measurable and
the failure (stiction) is detectable with the ELT system. High uniformity and
repeatability allow obtaining statistical data of high confidence.

The observed pull-in voltage differs from the designed values. However, that does
not disqualify the test structures.



Chapter 8

Interposer dielectric charging

One of the goals of the ENDORFINS project was to find an optimal set of materials
in order to improve lifetime of the capacitive RF MEMS switch. Therefore, a study
of charging properties of different types of dielectric materials was proposed.

First, a number of simplified ENDORFINS structures were fabricated with four
types of dielectrics:

• Ta2O5 sputtered (TaO1) and anodized (TaO2),

• AlN sputtered using two recipes (AlN1 and AlN2).

A number of lifetime experiments using various biasing schemes were performed.
The obtained results were completed with I-V measurements of MIM capacitors
made with the same materials. Both types of measurements helped in the choice
of the best dielectric candidate.

Next, a study on the fully processed ENDORFINS structures with the chosen
dielectric materials was done. The lifetime experiments were intended to give more
insight into the dielectric charge trapping mechanisms.

However, an unusual behavior of the devices during stressing was observed. This is
discussed in the last part of this chapter.
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Figure 8.1: The main difference between the MIM (metal-insulator-metal) capacitor
a) and the MEMS structure b) is the different top metal-dielectric interface. The
gap between the dielectric and the beam is filled with gas (air, nitrogen) and
moisture that can affect the charge trapping. The interface is exposed to an etchant
during the release step that can modify the charging properties of the dielectric.

8.1 Evaluation of dielectric materials

8.1.1 Introduction

A study of different dielectric materials for the capacitive RF MEMS switches was
done within the frame of the ESA/ESTEC ENDORFINS project. It contained
an evaluation of four dielectric materials. First, the use of the MIM capacitors
was considered. The MIM (metal-insulator-metal) capacitors are often proposed
as test structures to evaluate charging properties of dielectric materials. However,
the main difference between the MEMS and MIM structures is the presence of
an air (gas) gap between the dielectric and the beam, allowing to obtain only
limited information. The MIM capacitors may be insensitive to several charging
mechanisms related to the surface of the dielectric being exposed to air (gas)
(Figure 8.1). Therefore, it was decided to use MEMS devices as the main test
vehicles. The MIM structures can complement the MEMS devices.

The use of simplified test structures was proposed by Xavier Rottenberg. The
simplified devices are fabricated by omitting several processing steps. Still, they
consist of the most important elements: the bottom electrode, the dielectric and
the beam (see section 4.4, Figure 4.18, 4.19). Actuation and observation of lifetime
and C-V characteristic changes are possible.

As the actuation of the simplified test structures requires application of the actuation
voltage to the beam, the sense of the electric field vector is opposite to the one
in the case of bottom electrode actuation. To avoid confusion, the results are
presented as if the devices were actuated on the bottom electrode. E.g. a positive
actuation voltage is in reality a negative actuation applied to the beam.
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Figure 8.2: Comparison of the lifetime of structures with four types of dielectrics:
AlN1, AlN2, TaO1 and TaO2. The lifetime experiments were performed using
positive (+), negative (-) and bipolar (+) actuation waveforms. The end-of-life was
determined using the EOL90% procedure. Test conditions: 13V, 100Hz, 50%d.c.,
1atm N2, 25◦C, light on.

8.1.2 Lifetime results

Figure 8.2 shows the lifetime test results. The EOL was determined using the
EOL90% criterion. The lifetime of a number of test structures on four wafers
with the TaO1, TaO2, AlN1 and AlN2 dielectrics was tested. The test procedure
includes lifetime tests using unipolar, positive and negative, and bipolar actuation
waveforms of fixed amplitude (13V), frequency (100Hz) and duty cycle (50%). To
monitor the condition of the devices, C-V characteristics before and after stressing
were measured. The experiments were performed in dry nitrogen atmosphere under
atmospheric pressure and at 25◦C temperature.

8.1.3 AlN1

The lifetime of the test structures with the AlN1 dielectric is observed to be the
highest. The C-V characteristic of the devices stressed with the unipolar actuation
voltages show a positive or negative voltage shift depending on the polarity of the
actuation voltage (Figure 8.3a and b). Additionally, the C-V characteristic of the
device stressed with the negative actuation voltage is more narrowed that in the
positive stressing case. The bipolar actuation voltage improves (with a factor of
10) the lifetime of the devices. The C-V curve measured after stressing is narrowed
(Figure 8.3c). That may be due to a partial release of charge trapped during one
polarity cycle by the cycle of the opposite polarity.

The AlN1 dielectric seems to be the best candidate. The highest observed lifetime
is further supported by the I-V curve of a MIM capacitor with the AlN1 dielectric.



The small hysteresis indicates a low charge trapping in the dielectric (Figure 8.3d).

8.1.4 AlN2

The lifetime of the AlN2 structures is lower than the lifetime of the AlN1 and
TaO1 structures. However, often the lifetime was very short because of dielectric
breakdown and not because of stiction. The AlN2 is attacked during one of the
processing steps after its deposition. Therefore, the thickness of the dielectric layer
is lower than the thickness of the AlN1 or TaO1 dielectrics - about 160nm instead
of 200nm. This might explain the lower breakdown voltage.

The C-V characteristic shows that the direction of the voltage shift is dependent
on the polarity of the actuation voltage (Figure 8.4a and b). The bipolar actuation
waveform causes narrowing of the C-V curve (Figure 8.4c). The I-V curve of a MIM
structure with the AlN2 dielectric shows a similar hysteresis to the one observed in
the case of the AlN1 dielectric (Figure 8.4d).

The lifetime of several additional AlN2 devices was tested at a lower amplitude
of the actuation voltage (11V) to avoid breakdown. The obtained lifetime was
more than 106 cycles and more than 107 cycles with unipolar and bipolar actuation
voltage, respectively.

The AlN2 dielectric was promoted as a candidate for further experiments due to
its promising properties.

8.1.5 TaO1

The lifetime of the TaO1 devices is lower with about one order of magnitude than
the AlN1 structures. However, the C-V characteristics measured before and after
stressing show relatively small changes (Figure 8.5a and b). The pull-out voltage
of the TaO1 structures is lower than AlN1 and AlN2 devices. Therefore, a smaller
amount of trapped charge can cause one of the pull-out voltage reaching the 0V
point and resulting in stiction.

The shift of the C-V characteristic of the devices stressed with the unipolar, positive
and negative, actuation waveform is always positive. That indicates trapping of one
type of charge (negative) independently on the polarity of the actuation voltage.
The C-V characteristic of the devices stressed with a bipolar waveform is narrowed
(Figure 8.5c).

As the goal of the study was to point out the best candidate, the TaO1 dielectric
was rejected. However, the observed low lifetime of the devices is caused not only
by high charge trapping. The low pull-out voltage creates a small margin for the
Vpo changes. Still, there is some charge trapped in the dielectric indicated by the



shift of the C-V curve. The I-V curve of a MIM capacitor with the TaO1 dielectric
confirms that the dielectric traps charges (Figure 8.5d).

8.1.6 TaO2

The switches with the TaO2 dielectric stuck during the first part of the first C-V
characteristic measurement. An example is presented in Figure 8.6a. There are
several possible causes for the immediate stiction of the beam besides charging.
One of the possibilities is a very low restoring mechanical force. The actuated
beam touches the surface of the dielectric when actuated and it cannot go back to
the up position. The capillary forces (remaining water on the surfaces) or van der
Waals forces are strong enough to keep the beam in the down position. Charge
trapped during processing can be another source of force keeping the beam in the
down position. However, the pull-in voltage of the structures fabricated with the
TaO2 dielectric is similar to the pull-in voltages of the structures fabricated on the
other wafers. This indicates that the mechanical properties of the beam, therefore
the restoring force should be similar. The charge trapped during processing should
influence the pull-in as well. The most probable cause of the failure is for this
reason high charging after pull-in.

To confirm this hypothesis two more wafers were fabricated: one with 2µm thick
beams and one with an additional step roughening the surface of the dielectric. The
structures on both wafers stuck during the first part of the first C-V measurements.
This confirms that insulator roughness or mechanical properties of the beam are
not the cause of this fast stiction. Figure 8.6a shows the I-V characteristic of MIM
structures fabricated using the TaO2 dielectric. There is a noticeable hysteresis
visible in the I-V curves of the TaO1 and TaO2 dielectric. The hysteresis indicates
charge trapping. Even though the level of current is much lower in the case of the
TaO2 dielectric, the visible hysteresis indicates considerable charge trapping.

8.1.7 Summary and conclusions

Four types of dielectrics using simplified MEMS and MIM test structures were
compared. Lifetime tests using positive, negative and bipolar actuation waveforms
were performed. The results promoted one candidate for further processing
of complete devices. The AlN1 devices showed the highest lifetime. For this
reason, fully processed devices with the AlN1 dielectric were fabricated for further
experiments. In addition, the AlN2 material was chosen. This type of dielectric
showed a decent performance though at lower amplitudes of the actuation voltage.
The material was chosen because the devices with this dielectric showed good
lifetime even though the thickness of the dielectric layer was lower than the
thickness of the other candidates.
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8.2 The EOLxV criterion

As the lifetime of the devices improves, testing using the EOL90%∆C criterion
causes an increase of the testing time. Techniques for faster testing are needed.

The EOL90%∆C criterion is based on the difference between the up- and down-
state capacitance. The decrease of the ∆C, due to an increase of the Cup, indicates
stiction of the beam. The stiction of a capacitive switch occurs when one of the pull-
out voltages, positive or negative, reaches the 0V point of the C-V characteristic,
i.e. the change of the pull-out voltage is equal to the initial value (Figure 8.7a
and c). However, to study the charge trapping there is no need to wait until the
stiction occurs. The charge trapped causes changes of the C-V characteristic before
the stiction as well.

Thus, the EOL criterion can be defined as a change of the Vpo with a given value.
It was already mentioned that the Vpi is a better indicator than the Vpo. Therefore,
the final definition of the EOLxV is the following: The end-of-life is defined when
the pull-in voltage of the tested device is modified with more than x volts of the
initial value (Figure 8.7b and d). E.g. EOL2V denotes the end-of-life when the
pull-in voltage is modified with more than 2V from the initial value. This EOLxV
does not give the exact end-of-life but indicates the sensitivity to charging.

Additional advantage of using the EOLxV criterion is that the C-V characteristic
is not distorted by the stiction of the beam. Therefore, the pull-in and pull-out
voltages are determined more precisely.

8.3 A comparizon using the Weibull plot

A comparison of the two dielectric materials can be done using the lifetime of
devices. To find the characteristic lifetime of a population in a reasonable time
a representative group can be tested. The obtained results are used to find the
characteristic lifetime. As the probability of a failure is related to stressing time
(non-stressed devices do not fail), the distribution of failure can be probably
described with the Weibull distribution [453].

The Weibull distribution describes a distribution of failures, where the failure rate
is proportional to a power of time. The Weibull plot provides useful information
about the tested devices. E.g.:

• it can verify if they follow the Weibull distribution,

• it can verify if two sets of samples are statistically independent, i.e. the
difference between the two sets of samples is not due to a non-uniformity,
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• it allows to determine the characteristic lifetime of a population based on a
limited number of devices, i.e. the time (number of cycles) after 63% of the
devices will fail.

A number of ENDORFINS devices with AlN1 and AlN2 dielectrics were tested.
Each group contained of 34 devices. The lifetime was determined using the EOL2V
criterion. Figure 8.8 shows Weibull plots for the two groups of devices. They are
statistically independent. All the points are within a relatively narrow confidence
band. That confirms that the failure are time related and can be described with the
Weibull distribution. The characteristic lifetimes are about 3200 and 10400 cycles
for AlN1 and AlN2 devices, relatively. The AlN2 seems to be a better candidate
than AlN1.

The results presented in section 8.1 shows that the AlN1 devices show a higher
lifetime than the AlN2 switches. The discrepancy is attributed to a slightly lower
thickness of the AlN2 layer on the wafers used in the first experiment.

The relatively high values of the β parameter indicate a high uniformity of the
devices.
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8.4 The Goldsmith’s model agreement verification

In the next step, an agreement with the Goldsmith’s model was verified. A number
of fully processed ENDORFINS test structures with both AlN1 and AlN2 dielectrics
were tested. The amplitude of the actuation voltage was changed and the C-V
characteristic during stressing was observed. The EOLxV to determine the lifetime
was used. The lifetime of AlN2 devices fabricated on the ENDORFINS 07 028 16
wafer was determined using the EOL1.3V criterion as the pull-in voltage did not
change more than 2V during stressing. The lifetime of the remaining devices was
determined using the EOL2V criterion. The results are presented in Figure 8.9.

The results of the lifetime test of the two AlN1 wafers are as expected ad in
agreement with Goldsmith’s model. The lifetime of the devices depends on the
actuation voltage and decreases with increasing amplitude of Uact. However, in
the case of the AlN2 wafers an unusual behavior is observed. The lifetime, when
tested at higher actuation voltage, is higher than when tested at lower amplitudes.
The extraordinary LT vs. Uact curve was studied in more details.

The unusual behavior is not observed when a negative actuation voltage is used
(Figure 8.9e).
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8.5 A detailed study of the unusual behavior

8.5.1 Introduction

The unusual behavior observed during stressing with the positive actuation voltages
required a more detailed study. More experiments using various amplitudes of
actuation voltage were done. The C-V characteristic was monitored before, during
and after stressing.

8.5.2 Positive actuation voltages

A number of the ENDORFINS AlN2 devices were stressed using positive actuation
voltages with the amplitude ranging from 15V to 30V. The C-V characteristic
was measured during stressing to monitor the Vpi. Figure 8.10a and b show
two examples of the C-V characteristic development measured at various Uact

amplitudes. The C-V curve shifts towards negative voltages when Uact = 15V and
it shifts towards positive voltages when an amplitude of 27V is used. The lower
Uact causes a decrease of the V +

pi with more than 1.3V and the EOL according to
the EOL1.3V is observed (Figure 8.10c). The V +

pi of the device tested at higher Uact

did not decrease of more than 1.3V. It increases. Therefore, no EOL is detected
according to the EOL1.3V criterion (Figure 8.10d).

Initially, the EOLXV criterion was based on observations of changes of only one
pull-in voltage. The direction of the C-V curve shift was expected to be dependent
on the polarity of the actuation voltage, e.g. a shift towards negative voltages when
a positive actuation is used. However, the sign of the C-V shift turns out to be
sensitive to the amplitude of the actuation voltage as well in these devices. A shift
towards both, positive and negative, voltages can be observed when an actuation
voltage of only one polarity is applied. That was never reported in literature.

In this case, the lifetime should be determined using both, positive and negative,
pull-in voltages. Figure 8.10e shows the lifetime of the devices determined using
both pull-in voltages. The lifetime is determined by V +

pi at the lower actuation
voltages (<20V) and by the V −pi at the higher actuation voltages (>25V). There is
a range of the actuation voltage amplitude, between 20V and 25V, where the EOL
is not reached.

Figure 8.11a shows the extracted voltage shift Vs. Both, positive and negative
shifts are possible when the same polarity of the actuation voltage is used.

The voltage shift at 21V seems to stabilize after the first few thousand cycles
pointing to a charge saturation (Figure 8.11c). If this was the case, then the
lifetime of the devices tested with this amplitude of the actuation voltage would
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be infinite. However, the narrowing of the pull-in window shows still some charge
being trapped (Figure 8.11b).

If the amplitude of the actuation voltage is increased to 23V, then a negative shift
during the first few thousand of cycles is observed and then a positive shift occurs
(Figure 8.11c). The narrowing of the C-V curve indicates continuous charging
(Figure 8.11d).

8.5.3 Negative actuation voltages

Stressing the devices with negative actuation voltages does not show the unusual
behavior (Figure 8.12). However, when the Vs and the ∆Wpi are investigated then
one can see a decrease of the voltage shift after some time of stressing at the -30V
actuation voltage. The evolution of the ∆Wpi is similar to the observed one at
-20V and -25V. That can indicate charge redistribution rather than trapping of
other charges.

8.5.4 Discussion and summary

The presented results show that a C-V shift of both, positive and negative, sign
can occur during stressing a device with an actuation voltage of one amplitude and
polarity. The sign of the shift indicates the type of trapped charges. Therefore,
both types of charges, positive and negative, can be trapped during stressing a
device with one polarity of the actuation voltage. The presence of both types of
charges is confirmed by the narrowing of the C-V characteristic.

This kind of behavior has never been observed before. The previous experiments
reported in literature showed a voltage shift of the sign dependent on the polarity
of the actuation voltage. A shift of only one sign during stressing with one polarity
of the actuation voltage was observed.

It is possible that the bipolar C-V measurement itself can introduce charges of
both types. However, all the experiments were performed in a similar way, i.e.
the same number of C-V measurements of the same amplitude and period. That
excludes the impact of the C-V measurement as the effect was observed only under
particular stressing conditions.

The two charging mechanisms can cancel each other’s impact on the shift of the
C-V curve. A similar effect can be observed when the charge is trapped and
immediately de-trapped. However, that is excluded by the observed narrowing of
the C-V characteristic. Charge trapping and de-trapping would be observed as no
changes of the pull-in window. The Wpi evolution recorded during the experiments
shows only trapping of charges.
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The results show the presence of more than one charging mechanism limiting the
lifetime of the capacitive MEMS switches with AlN2 dielectric.

8.6 A ”fast” and ”slow” charging evidence

Figure 8.11 showed that the voltage shift of an AlN2 device tested at +23V shifts
first towards negative and then towards positive voltages. This is shown more in
detail in Figure 8.13. Both, positive and negative, charge trapping mechanisms
are observed during this one experiment. One of the mechanisms, (the positive
charge trapping causing the negative shift) seems to be faster than the other one
(the negative charge trapping cause the positive shift). The ”slow” shift causes the
center of the C-V characteristic return to 0V point indicating charge release.

8.6.1 Two-components representation

The evolution of the Vs in time as observed in Figure 8.13 can be presented as
a sum of two components. It is assumed that both components are exponential
functions of time (Equation 8.1).

A(t) = A1exp

(
−t
τ1

)
+A2exp

(
−t
τ2

)
+A3 (8.1)



Figure 8.14 shows the results of the fit of this equation to the data presented in
Figure 8.13. There are two component with different time constants τ1 and τ2
visible.
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Figure 8.14: The measured Vs can be represented as a sum of two components of
two different time constants c): a fast one a) and a slow one b).

8.6.2 Observation of the ”slow” and ”fast” components

It was shown that there are two charge trapping components with different time
constants. There is a possibility that the first trapped charge is released with a
different speed as well. Therefore, an experiment to separate the two mechanisms
is proposed.

The fully processed AlN2 devices were stressed with positive and negative actuation
voltages for 105 cycles. The C-V characteristics were measured before and
immediately after stressing. Next, the stressed devices were un-actuated for
a period of 1 minute and the C-V characteristics were measured again.

Figure 8.15 shows the measured C-V characteristics. A negative and positive shift is
observed immediately after stressing with positive and negative actuation voltages,
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Figure 8.15: The C-V measurement performed immediately after stressing shows a
voltage shift of a sign depending on the polarity of the applied actuation voltage a)
and b). After 1 min of idling the C-V curves of the devices stressed with positive
and negative actuation voltage are shifted in the same direction c) and d). Test
conditions: 25◦C, N2, 1atm, light on.

Table 8.1: The voltage shift Vs of the C-V characteristic observed immediately
after stressing and after 1min idling.

positive stressing negative stressing
before 0.00V 0.00V

immediately after -1.13V +1.47V
1min later +0.20V +0.30V

respectively. However, after 1 minute of idling a positive shift in both cases was
noticed (Table 8.1).



8.6.3 Discussion and summary

The presented results show the presence of two charging mechanisms. The
mechanisms exhibit different time constants. One of the mechanisms, the ”fast”
one, seems polarity dependent. It causes a negative shift during positive stressing
and a positive shift during negative stressing. The ”slow” mechanism seem to be
actuation polarity independent. It causes a positive shift in both cases.

8.7 Summary

First, a comparison of four types of dielectric materials as candidates for interposer
dielectric was done. Lifetime experiments of simplified ENDORFINS structures
with the four dielectrics were performed and compared. Two dielectrics, AlN1 and
AlN2, were chosen for further study. The devices with these two selected materials
exhibit the highest lifetime. However, modifications of the C-V characteristic
indicate that these best candidates can trap charges as well.

The next step was to verify the agreement with Goldsmith’s model. A number of
lifetime experiments were performed. However, an unusual behavior of the devices
was observed. Unexpectedly, a higher lifetime of the AlN2 devices at higher Uact

was observed.

This unusual behavior was further studied. More lifetime experiments with C-V
measurements during stressing were performed. The results showed that devices
can achieve a higher lifetime due to a presence of two charging mechanisms. The
mechanisms canceled each other’s voltage shift improving the lifetime. Nevertheless,
the narrowing of the C-V characteristics indicated charge trapping.

The data fit showed that the two charging mechanisms have different time constants.
An experiment to isolate the two was proposed. The results showed that one type
of charge was released faster that the other. The sign of the C-V shift caused by
the ”fast” charge seems Uact polarity dependent. The ”slow” one showed a shift of
the same sign independently on the polarity of the applied stressing.





Chapter 9

Impact of the substrate

The reliability study presented in the previous chapter consisted testing the
lifetime of the ENDORFINS capacitive RF MEMS switches under various electrical
conditions. The experiments were performed in a controlled dry N2 atmosphere.
However, an influence of the environment on the reliability of the MEMS devices
has been pointed out by van Spengen in [336]. A few aspects of the impact of the
environment were addresses during the preliminary experiments with MIPA and
MEMS2TUNE devices.

This part presents results of experiments performed in two types of environment:
dry N2 and ambient air. The experiments help understanding another possible
charging place - the substrate. It is shown that different types of substrate react
differently under different environmental conditions.

The understanding of the influence of the trapped charges, depending on the type
of substrate as well, was possible thanks to finite element modeling (FEM) methods.
A part of the section describes the performed simulations.

The last part shows results of a number of experiments performed in a non-contact
mode. The devices were stressed with an actuation voltage with an amplitude
lower than the actual Vpi. In that case, the beam stays in the up position not
touching the interposer dielectric. Yet, modifications of the C-V characteristics
were observed. The obtained results show one more possible explanation of the
previously observed failure of the switches in the non-contact mode.
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9.1 Storage experiment

9.1.1 Introduction

Two ENDORFINS wafers, 06 252 04 and 07 028 13, were stored in ambient air
for over one week. Next, the lifetime of the switches was tested under different
conditions. The same type of the interposer dielectric (AlN1) is used in both
cases. The only difference is the substrate material: glass AF45 (06 252 04) and
high-resistivity silicon with a 200nm layer of silicon oxide (07 028 13).

9.1.2 The experiment and results

First, the lifetime of the devices was tested with no additional conditioning, i.e.
immediately after storage in ambient air. The experiments showed a drastic lifetime
reduction: 103−104 cycles instead of more than 106 (Figure 9.1). The lower lifetime
is attributed to the humidity enhancing charge trapping. The visible significant
narrowing of the C-V characteristic of the HR-Si device is due to a partial stiction
of the beam. In both cases, the EOL is caused by stiction as the increase of the
Cup indicates. However, the AF45 device partially recovers between the end-of-
experiment and the C-V characteristic measurements and the beam returns to the
up position. In the case of the HR-Si wafer, the time between the lifetime and C-V
characteristic measurements is too short. The beam charge trapped is high enough
to keep the beam (partially) stuck in the bottom position.

To confirm the hypothesis about the humidity causing earlier failure, a step to
remove the water molecules from the surface of the wafers was done. The wafers
were placed in a vacuum chamber at a pressure of about 10−4 mbar and the
temperature was elevated to 50◦C. Next, the temperature was stabilized at the
level of 25◦C, the chamber was filled with dry nitrogen under the pressure of 1atm
and lifetime tests were performed. The results show no significant lifetime change
in the case of the glass wafer and an improvement in the case of the HR-Si wafer
(Figure 9.2).

The improvement of the lifetime observed in the case of the HR-Si wafer is observed
after only 1min of the conditioning. The devices fabricated on the glass wafer did
not show any changes even after 1 hour of conditioning.

Figure 9.3 shows a comparison of the results: lifetime of the devices fabricated on
both wafers observed after the air-storage and after the conditioning.
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Figure 9.1: The lifetime of devices on both tested wafers was significantly lower
than observed before exposing to the ambient air. The increase of the Cup indicates
stiction as the failure cause a) and b). The C-V characteristic of the device
fabricates on the glass wafer is shifted for the glass wafer device e) and narrowed in
the case of the HR-Si wafer device f). Test conditions: 25◦C, N2, 1atm, light on.
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Figure 9.2: The lifetime of the devices fabricated on the glass wafer did not improve
after 1 hour of conditioning in vacuum (10−4mbar) at 50◦C a) and c) (compare
with Figure 9.1). In the case of the HR-Si wafer, only 1min of conditioning caused
a significant improvement in lifetime b) and d). Test conditions: 25◦C, N2, 1atm,
light on.
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Figure 9.3: The comparison of lifetime test results performed on ENDORFINS
devices fabricated on HR-Si and glass wafers. The lifetime tests were performed
before and after conditioning (50◦C, 10−4mbar) after storage in air. The lifetime
of the HR-Si device improved after 1min of conditioning - the arrow indicates that
the measurement was stopped before reaching the EOL. The lifetime of the glass
device did not improve after 1h of conditioning.

9.1.3 Discussion and conclusions

The difference between the two tested wafers is the substrate material: glass vs.
high-resistivity oxidized Si. As the air storing/conditioning experiment shows, the
difference in the behavior of the devices is probably caused by the humidity trapped
on the surface on the wafers. The AF45 glass is an alkali-free borosilicate used
for wafer level chip size packaging by anodic bonding [454]. The anodic bonding
process requires hydrophilic surfaces. In the case of glass-to-silicon bonding, the
silicon wafer is treated to make the surface hydrophilic. Usually, the surface of
silicon wafer is hydrophobic. The hydrophobic properties of silicon help removing
water from the surface. It is more difficult to remove the humidity from the AF45
glass wafers. This difference is mirrored in the presented lifetime results. That
points to the substrate being another possible place of charge trapping.

9.2 The EFFA devices

Testing the lifetime of the EFFA (Electrostatic Fringing-Field Actuator) (Figure
9.4) devices presented by Xavier Rottenberg [78], showed that substrate charging
can be indeed a failure cause. An EFFA device that has no interposer dielectric
deposited during processing, failed (stiction observed) after a number of cycles of



Figure 9.4: A 3D simulation of the EFFA device.

AlO

Figure 9.5: The native AlO is the only layer preventing the short-circuit between
the beam and actuation pad during actuation.

stressing with a unipolar actuation voltage. The device recovered after switching
the polarity of the actuation voltage. That pointed to a charging related failure. If
it was due to mechanical causes, the device would not fully recover.

As the EFFA devices are fabricated with no interposer dielectric, the charge
trapping can take place on or in the non-conductive substrate. These experiments
were performed with the EFFA devices fabricated on a AF45 glass wafer.

That experiment showed that the substrate can indeed charge and influence the
reliability of the RF MEMS devices as well as any other part of the device. The
choice of the material should not be driven only by the RF properties of the devices.

9.3 Native aluminum oxide devices

The possible differences in the influence of the HR-Si and the AF45 glass wafers
on the C-V characteristics of the parallel-plate type of devices were tested on two
additional wafers fabricated without any additional interposer dielectric. The only
dielectric barrier between the two conductive electrodes preventing short-circuiting
is the native AlO (Figure 9.5). The native AlO is about 5.5nm thick and allows
actuating the devices with an amplitude of the actuation voltage up to 7V.



A number of lifetime tests with C-V characteristic measurements during stressing
were performed. Unipolar actuation waveforms of both polarities were used. The
evolution of the C-V characteristics is presented in Figure 9.6a-d. The results show
that the C-V characteristic can be both shifted and narrowed by the substrate
charging.

Figure 9.6e-h show the extracted Vs and ∆Wpi. The pull-in window changes in
a similar way. However, the voltage shift of the C-V curves is different for the
devices fabricated on the glass and silicon wafers.

It has been stated that the pull-in voltage is influenced by the distribution of
the electric field in around the bottom actuation electrode and the beam. As
an influence of different types of substrate materials on the C-V characteristic is
observed, the substrate can probably deform the electric field as well.

9.4 FEM simulations

9.4.1 Introduction

The results presented in the previous sections indicate a possible impact of the
substrate material on the C-V characteristic. In order to understand this effect
better, finite element modeling (FEM) is used. The methodology and results are
described and discussed in the following.

The simulations of the charge influence on the C-V characteristic were performed
using the Ansoft Maxwell FEM software. The software allows simulations of
the electrostatic field. Combined electro-mechanical simulations are not possible.
However, calculations of the electrostatic force acting on the beam are possible.

The FEM simulations of the devices fabricated on HR-Si substrate present the
static case. The migration of charges in silicon is not taken into account. However,
they give a feeling about the difference between the glass and silicon substrates.

9.4.2 FEM simulations methodology

The electrostatic force vs. actuation voltage, as shown in Figure 9.7, can represent
the before-pull-in part of the C-V characteristic. The capacitance of the device
indicates the position of the beam that is proportional to the actual electrostatic
force. The Fel vs. Uact curve can be a representative indication of the influence of
the trapped charges.

The Fel vs. Uact curves do not take into account the deformation of the beam (fixed
in up position) and its influence on the pull-in and pull-out voltages modifications
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Figure 9.6: Results of experiments (C-V evolution) performed on the native AlO
devices fabricated on HR-Si and AF45 glass. The Vs and ∆Wpi are extracted
from C-V characteristics measured during stressing. Test conditions: Uact = 5V ,
positive and negative, 100Hz, 50% d.c., N2, 25◦C, light on.



as well as the influence of the distribution of the electric field alongside the beam.
The resultant spring constant of the beam (thus the Vpi and Vpo) depends on the
distribution of the force that can be modified by trapped charge.

Nevertheless, the obtained results of simulations help to understand the influence
of the trapped charges on the C-V curve of the devices fabricated on different types
of substrates.

In the next part, the pull-in voltages were determined by finding a voltage level at
a fixed value of the electrostatic force. Therefore, is it possible to show the changes
caused by charges as shift and narrowing of the C-V curve. The C-V curve does
not take into account the movement of the beam. However, it gives a feeling of the
influence of the charge.

9.4.3 The AF45 vs. HR-Si wafer

The difference between the HR-Si and glass substrates is presented in Figure 9.8.
The bottom part of the oxidized silicon wafer, even though high resistive, can be
considered conductive. Therefore, the potential of the back side of the wafer is
brought to the Si-SiO2 interface. As a result, the voltage drop on the silicon can
be neglected and most of the electric field appears across the SiO2 layer. Due to
the much lower thickness, the magnitude of the electric field across the SiO layer is
much higher than across the 700µm of the glass.

9.4.4 FEM simulations results

No charge trapped

Figure 9.9a shows the distribution of the electric field alongside the beam in the
AF-45 and HR-Si structures at 10V applied to the actuation pad with no charge
trapped in the substrate. The difference is mainly due to the different distance
between the actuation pad and the grounded back side of the wafers. In the AF45
glass structures the electric field penetrates much further in the slots next to the
actuation pad.

Figure 9.9b shows the Fel vs. Uact curves simulated for both types of structures
with no charge trapped. The different magnitude of the electrostatic force obtained
at the same actuation voltage may result in slightly different pull-in voltages in
real structures only due to a different substrate material. The difference becomes
more visible when portions of charge is placed in the slots.



10

5

0

Fel [mN]x10

-3

 

-10 0 10Uact [V]Vpi
- Vpi

+
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Figure 9.8: In the first approximation, the difference between the silicon and glass
wafers is the thickness of the insulating layer: 700µm in AF45 a) vs. 200nm in
HR-Si b). Therefore, the simulations can be performed using a similar structure
with a conductive layer on the back side of the wafer and with a different thickness
of the insulating layer c) and d). Q indicates the position of charge trapped in the
slots between the bottom actuation pad and the ground pads.
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Figure 9.9: The obtained FEM simulation results show that the electric field is
distributed in different ways in the structures fabricated on the glass and silicon
substrates. The magnitude of the electric field along the beam shows that the
electric field penetrates the slots much further in the case of the AF45 glass
structures than the HR-Si devices b). The type of substrate material can modify
the electrostatic force b) and the resulting Vpi and Vpo.

With charge trapped in the substrate

Next, a number of simulations with portions of charge Q trapped in the slots
were performed. The results are compared with the no-charge-trapped simulations
results (Figure 9.10). The Fel vs. Uact curve of the AF45 glass structure show a
shift and narrowing. In the case of the HR-Si structure mainly a C-V narrowing is
observed.

9.4.5 Discussion and conclusions

The Fel vs. Uact curve of the AF45 structure can be shifted due to the electrostatic
field penetrating the slots next to the actuation pad. The charges placed in the
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Figure 9.10: The charge trapped in the substrate can cause a visible shift and
narrowing a) or mainly narrowing b) of the Fel vs. Uact curve depending on the
type of the substrate material.

range of the field lines modify the component of the field created by the actuation
voltage applied to the bottom pad. The modifications (mainly the sign) depend on
the type of the trapped charge and polarity of the actuation voltage. Therefore, a
shift of the Fel vs. Uact (C-V) curve can be observed.

In the case of the HR-Si structures, only a very small amount of the trapped charge
can influence the actuation voltage field component. Most of the charge generates
an additional independent force resulting in the observed narrowing of the curve.

Both experiments were performed with different quantities of the trapped charge.
A charge of 2nC (in each slot) caused changes of the AF45 Fel vs. Uact curve.
The same amount of charge did not show any visible changes in the HR-Si devices
characteristic. The presented curve was simulated at 50nC (in each slot) of the
trapped charge. That shows different sensitivity of the devices to the trapped
charge depending on the used substrate material. The effect can be explained using
a capacitor as a model. The voltage (generating the electrostatic force) created by
charge stored in two capacitors of different capacitance is different. It lowers with
increasing capacitance (Equation 9.1). The capacitance of an imaginary capacitor
is much lower (due to higher thickness) in the AF45 devices than in the HR-Si
structures. Therefore, a much lower amount of charge causes similar modifications
of the electrostatic force.

U = Q

C
(9.1)

The charge trapped in the substrate can modify the effective actuation area. The
actuation voltage field component can be focused or de-focused on a different than
the designed part of the beam. That changes the distribution of the electrostatic
force acting on the beam (and the Vpi and Vpo). The focusing and de-focusing



depends on the mutual signs of the trapped charges and the electric field generated
by the actuation voltage and can cause both the shift and narrowing of the C-V
curve. Simulated distribution of the electric field alongside the beam with no
charge, positive and negative charge trapped is presented in Figure 9.11.

The simulation results confirm the experimental data. The C-V characteristic of a
device fabricated on the glass wafer is shifted and narrowed. The C-V characteristic
of a device fabricated on the HR-Si wafer is mainly narrowed.

9.4.6 Competing mechanisms

The results presented in section 8.5 show that two mechanisms can cause a voltage
shift of opposite signs and they may mutually cancel. The interposer dielectric
charging is considered as one of the mechanisms. The substrate charging is another
possibility.

It has been shown that the charge trapped in the substrate can cause a voltage
shift. It needs to be verified whether the voltage shift caused by the charge trapped
in the interposer dielectric can be canceled by the charge trapped in the substrate.

Charge can modify the C-V characteristic when the electric field component
created by the applied actuation voltage is changed. The electric field in the
switch fabricated on the HR-Si wafer is focused close to the actuation pad (Figure
9.9a). Therefore, it is possible that the charge trapped in the substrate close to
the actuation can originate a voltage shift.

A number of FEM simulations using the test structure presented in Figure 9.12a
were performed. Figure 9.12b shows a voltage shift of the C-V characteristic of
a device with charge Qdiel trapped uniformly in the interposer dielectric. Figure
9.12c shows results of a simulation of the same structure with portions of charge
Qsub placed on the surface of the substrate close to the actuation pad. A shift and
narrowing of the C-V curve is observed. Finally, Figure 9.12d shows results a FEM
simulation with charge trapped in the interposer dielectric and in the substrate at
the same time. The C-V curve is narrower with respect to the no-charge curve.
The voltage shift disappears.

9.5 Non-contact stressing experiments

The substrate charge trapping can be emphasized by limiting the charging of the
interposer dielectric. The interposer dielectric is charged mainly when an actuation
voltage higher than the pull-in voltage is applied and the beam is in the bottom
position.
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Figure 9.11: Simulated distribution of the electric field distribution alongside the
beam by charge trapped in the vicinity of the bottom actuation pad with no charge,
positive charge and negative charge trapped.
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Figure 9.12: The geometry of the test structure used in FEM simulations a). The
charge is trapped in the interposer dielectric Qdiel or on the surface of the substrate
close to the actuation pad Qsub. The results show that the voltage shift can be
caused by both cases b) and c). The voltage shift caused by charge trapped in the
interposer dielectric can be canceled by the charge trapped in the substrate d).



A voltage slightly lower than the Vpi keeps the beam in the up-state and thus
reduces stressing of the interposer dielectric. In the same time, the substrate is
stressed by the field between the bottom actuation electrode and the ground pads.
If the substrate is charged by this field, then the pull-in voltage should drop and
the pull-in should be observed.

To verify this, the following non-contact stressing experiments were performed.

9.5.1 Stressing of the devices under various atmospheric condi-
tions

The ENDORFINS devices fabricated on two types of substrates, AF45 and HR-Si,
were tested. In order to find the adequate amplitude of the actuation voltage the
C-V characteristics of all tested devices were measured. Next, the non-contact
stressing was started. To accelerate them, a DC actuation voltage was used. This
actuation voltage was chosen to be about 1V lower than the observed pull-in
voltage. To detect a possible pull-in, the capacitance of the devices was monitored
during stressing. The experiments were performed in two types of atmosphere: dry
N2 and ambient air.

The results presented in Figure 9.13a show that indeed pull-in occurs in the case
of the AF45 glass devices. The pull-in was observed after about 4min and 4h
of stressing in air and dry N2, respectively. A shift and narrowing of the C-V
characteristic is observed in both cases (Figure 9.13c and e). This confirms that
substrate charging takes place.

The HR-Si devices did not pull-in after 90h of stressing. No significant changes of
the C-V curves are observed (Figure 9.13d and f).

9.5.2 Charge de-trapping observation

The observed changes of the C-V curves point to substrate charging being the
cause of the pull-in. It has been presented that the charge trapped during stressing
can be released during a period of idling.

To confirm this for substrate charging, an initially stressed device was monitored
during idling. First, a DC voltage of an amplitude below the Vpi was applied to
the devices until the pull-in occurrence (Figure 9.14a). Then, 0V was applied and
the capacitance of the device was monitored. After about 4 · 105s the beam moved
from the down to up position confirming release of trapped charge (Figure 9.14b).
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Figure 9.13: The non-contact stressing experiment results. The AF45 glass devices
pull-in after a time of stressing. The time-to-pull-in depends on the atmosphere:
the pull-in occurs faster in the air than in the N2 a). A shift and narrowing of the
C-V characteristic is observed c) and e). The devices fabricated on the oxidized
silicon wafer did not pull-in even after about 90 hours of stressing b). Only small
changes of the C-V curves are visible d) and f). Test conditions: 25◦C, light on.
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Figure 9.14: A first stressed device closed after about 4 · 105s a) and opened after
3 · 105s of idling b). Test conditions: 25◦C, light on.
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Figure 9.15: The tpi depends on the actuation voltage in a similar way as the
lifetime of the switches stressed using the standard rectangular actuation waveforms.

9.5.3 Voltage dependent time-to-pull-in

The charge trapping is a function of the applied amplitude of the actuation voltage.
Therefore, the time-to-pull-in observed during stressing devices with the Uact < Vpi

can be expected to depend on the amplitude of the actuation voltage as well.

To verify this, a number of ENDORFINS AF45 devices were tested. Various
amplitudes of the actuation voltage still lower than the pull-in voltage were used.
The experiment was performed in the ambient air.

The results in a form of time-to-pull-in (tpi) vs. Uact are presented in Figure 9.15.
The curve shows that the tpi depends on the Uact and, as expected, is higher when
the applied voltage is lower.



9.5.4 Discussion and conclusions

The presented results show that a switch can pull-in even if the applied actuation
voltage is lower than the actual Vpi. The pull-in occurs after some time of stressing.
The pulled-in devices recover after a period of idling pointing to charge trapping
being the cause of the pull-in.

The time to pull-in depends on the amplitude of the applied actuation voltage and
the atmosphere. An increase of the Uact causes a faster pull-in occurrence. The
tpi is reduced when a device is tested in ambient air. That indicates the humidity
enhanced charging.

9.6 Quartz as a substrate material candidate

The previous experiments show that the two types of investigated materials may
impact the lifetime of the capacitive RF MEMS switches in two ways. The charging
of the glass substrate is high even though the field across it is lower than in the
HR-Si wafer.

The SiO2 on top of the silicon wafer probably charges less than the glass at the
same magnitude of the electric field. However, the electric field is much higher.
That results in significant charging. One of the possible solutions would be to use a
substrate material (MEMS compatible) that traps charges in a similar way as the
thermal SiO2 (in the HR-Si wafer) of a thickness of the AF45 glass wafer. Fused
quartz can be such a candidate.

To study the charging properties of quartz substrates, a number of quartz wafers
with dielectric-less (native AlO) devices as well as with the AlN2 interposer dielectric
were fabricated and the lifetime of the structures was tested.

9.6.1 Dielectric-less devices

A native AlO switch fabricated on a quartz wafer was stressed for 106 cycles. A
positive actuation voltage of 5V amplitude was used and the C-V characteristic
was monitored during stressing. The Vpi and Vpo were extracted and voltage shift
and pull-in window were calculated. The results are presented in Figure 9.16. The
C-V characteristic is both shifted and narrowed during the experiment. However,
the changes are relatively low compared to the results obtained during stressing
the AF45 and HR-Si devices (Figure 9.6). There is a high probability that devices
fabricated on the quartz substrate can exhibit a high lifetime.
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Figure 9.16: The evolution of the C-V characteristic of a native AlO device
fabricated on the quartz substrate a). Boht shift and narrowing of the C-V curve
are observed. Test conditions: 25◦C, N2, 1atm, light on.

9.6.2 AlN2 devices

The lifetime of a number of AlN2 devices fabricated on a quartz wafer was tested.
A positive actuation voltage with the amplitude ranging from 15 to 30V was
used. The lifetime was determined using the EOL90%DC criterion and the C-V
characteristic was monitored during stressing. The results are presented in Figure
9.17a. The LT vs. Uact curve seems to follow Goldsmith’s model. However, the
evolution of the C-V characteristic shows that the EOL is mainly due to narrowing
of the C-V curve and not due to a shift (Figure 9.17b and c). The shift seems to
stabilize after the first few thousands cycles (Figure 9.17d) and the pull-in window
is still changing (Figure 9.17e).

This indicates that substrate charging has a significant influence on the lifetime
limitation in the case of the quartz substrate. The lifetime of the quartz devices
drops fast with an increasing amplitude of the actuation voltage. That makes the
quartz not a very good substrate candidate.

9.6.3 Summary

Quartz was proposed as a possibly better substrate candidate for the capacitive
RF MEMS switches. However, the results of the lifetime tests showed a significant
charge trapping in the quartz.

The first test indicated that there is not much charging in the quartz substrate.
However, the experiment was performed at a relatively low voltage. The next
experiment showed that at higher voltages the lifetime of the devices drops
drastically and the substrate charging is the main cause of the failure.
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However, quartz may be desired due to its low RF losses. In order to improve the
lifetime of the devices fabricated on quartz substrates the geometry of the switch
should be optimized to obtain a low sensitivity to the trapped charge.

9.7 Summary and conclusions

The results presented in this section show that the substrate is an important factor
influencing the reliability of capacitive RF MEMS switches. The substrate, that is
usually an insulating material, can trap sufficient charge to limit the lifetime of the
devices.

The influence of the substrate was exposed during a study of the impact of the
environment on the lifetime of the capacitive devices. The tested devices were
fabricated on two types of substrates, AF45 glas and HR-Si, that respond differently
on stressing under different environmental conditions (biasing+environment).

A possible explanation is the different affinity to water molecules. The AF45 glass
exhibits hydrophilic properties and the silicon oxide can be both hydrophobic and
hydrophilic [456]. Hydrophobicity of the silicon and silicon oxide can be changed.
E.g. the surface of the silicon wafers needs to be prepared for the anodic bonding
process that requires hydrophilic surfaces.

The conditioning experiment shows that it is easier to remove the humidity from
the HR-Si surface than from the glass wafer.

Migration of charges on the surface of a silicon wafer was studied and presented
by Shockley et al. in [455]. The authors stress a structure in dry and humid
atmospheres. The charge distributes laterally on the surface next to the electrode
placed on top of the oxide surface. A similar situation takes place in the case of
the switches. The electric field between the actuation and ground electrode allow
charge to migrate over the surface of the substrate. The charges trapped on the
surface of the substrate modify the electric field distribution causing changes in
the C-V characteristic and can even cause charge-induced pull-in of switches at
voltages below the pull-in voltage.

The lifetime of a number of devices fabricated on another type of substrate material
was tested as well: Quartz was proposed as a material that should not trap charges
and in the same time exhibit low RF losses. The first results showed only small
changes in the C-V characteristic during stressing indicating no severe charge
trapping in the quartz. However, the lifetime of the devices drops drastically when
stressed with higher amplitude of the actuation voltage. The shift narrowing of the
C-V curves points to the substrate charging being a considerable lifetime limiting
factor.





Chapter 10

Identification of failure
mechanisms

10.1 Introduction

The previous chapter shows that there is more than one charging mechanism limiting
the lifetime of the capacitive RF MEMS switches. The interposer dielectric charging
is only one possibility. The substrate charging is another important mechanism
that can significantly impact the performance of the switches. It has been shown
that the different mechanisms can occur or can be visible under different testing
conditions. The experiments performed in different environmental conditions show
a different impact of different types of substrates. This chapter is focused on the
identification and localization of these different charging mechanisms.

First the impact of the dielectric thickness is studied. Changing the thickness of
the interposer dielectric layer allowed studying the balance between the different
charging mechanisms.

Next, mechanisms with different time constants are shown. The use of different
biasing methods allowed the isolation of ”slow” and ”fast” mechanisms. However,
the methods do not provide clear information about the exact location of the
mechanisms in the sample.

A method to measure and map charge trapped in the capacitive switches has
been proposed in literature. However, the EFM (Electrostatic Force Microscopy)
requires removal of the beam after stressing. Therefore, a number of methods that
allow to locate different charging mechanisms without the need of using additional
equipment and destroying the device are presented. The methods require the
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introduction of an extended qualitative model of the switch.

The so far used model of the device, two parallel plates of the same size, did not
take into account the presence of the substrate. Therefore, an extended model
of the switch is proposed. The model consists of a simplified representation of
the high-resistivity silicon substrate. The use of the model is verified with FEM
simulations. Based on the results a guide that should help to locate the charging is
created.

Next, the results of the FEM simulations are compared with the measurements
results. The devices are stressed using non-standard actuation methods that allow
emphasizing particular charging mechanisms. The obtained experimental data are
different than expected, yet, are very consistent. One specific charging mechanism
is pointed out. The proposed model turned out to be missing an important factor.
It is discussed in the next chapter.

10.2 Impact of the dielectric thickness

Charge trapping in the interposer dielectric is recognized as the main charging
mechanisms in the capacitive RF MEMS devices. The charge trapping in a dielectric
layer depends on the applied voltage and the thickness of the layer. Therefore,
modifications of the dielectric layer thickness may influence the lifetime. A thicker
layer of the dielectric is expected to improve the lifetime. Moreover, testing devices
with a thicker layer of the interposer dielectric may give some insight into the
other charging mechanisms occurring in the switch. Therefore, an additional wafer
with 500nm thick AlN2 dielectric layer was fabricated. The wafer contains a set of
ENDORFINS fully-processed test structures.

10.2.1 Lifetime vs. actuation voltage

First, a number of lifetime experiments using various amplitudes of the actuation
voltage were performed. The C-V characteristics during stressing were measured
and the lifetime using the EOL2V criterion was determined. The results are
presented in Figure 10.1a. The graph shows a comparison of the results obtained
during testing of the 200nm AlN2 and 500nm AlN2 devices.

The lifetime of the 500nm AlN2 devices was determined by a negative C-V shift
only (Figure 10.1b). No positive shift was observed. Hence, the EOL was caused
by one mechanism only.

The amplitude of the voltage shift is higher than in the case of the 200nm AlN2
devices (Figure 10.1c and d). An opposite situation was expected as the thicker



dielectric is supposed to trap less charge. However, the amplitude of the voltage
shift of the 200nm devices decreases with increasing Uact. That is due to a second
mechanism that is present in the 200nm AlN2 devices. Both compensate each
other’s voltage shift.

One of the mechanisms does not appear (is less significant) in the case of the
500nm AlN2 structures. The lifetime of the 500nm AlN2 devices decreases with
increasing amplitude of the actuation voltage due to an increasing voltage shift.
Lower changes of the ∆Wpi show that the 500nm AlN2 devices trap mainly one
type of charge (Figure 10.1e and f).

10.2.2 Beyond-EOL observations

One of the 500nm AlN2 ENDORFINS devices was stressed for a longer time and the
C-V characteristic was observed. The experiment was continued even though the
EOL, indicated by one of the pull-out voltages crossing the 0V point, was reached.
The C-V characteristic was monitored and the Vs and ∆Wpi were extracted. The
results are shown in Figure 10.2.

First, a shift towards negative voltages is observed. The amplitude of the charging
component causing this negative shift is high enough to cause the V +

po crossing the
0V point (Figure 10.2a). Further stressing causes a positive shift component to
become visible (Figure 10.2b). The observed C-V shift back to the center position
could be due to a release of the trapped charge. However, the narrowing of the
C-V characteristic shows that there is charge trapping during the entire experiment
(Figure 10.2c).

10.2.3 Observations during idling after stressing

The experiment presented in the previous section was extended with observations
of the C-V curve during idle after stressing. The device was un-actuated and the
C-V measurements were performed. Figure 10.3a shows the C-V characteristic
recorded before and immediately after stressing. A shift towards negative voltages
is observed. Figure 10.3b shows the C-V curves recorded before stressing and after
stressing plus 25min idling. The dominant negative shift is gone however a small
positive shift component becomes visible and remains present. Figure 10.3c shows
the evolution of the Vs during idling. Most of the negative shift disappears during
5 min of idling and only the positive shift remains. The release of the ”fast” charge
is confirmed by the increase of the pull-in window (Figure 10.3d). The positive
shift of the C-V curve observed after idling indicates that negative charge remains
trapped.
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Figure 10.1: A comparison of lifetime test results of 200nm AlN2 and 500nm
AlN2 ENDORFINS devices a). The amplitude of Vs increases with increasing
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mechanisms is reduced c-f). Test conditions: positive actuation voltage, 100Hz,
50%d.c., 1atm N2, 25◦C, light on.
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Figure 10.2: The C-V characteristic observations of a 500nm AlN2 device.
The experiments was continued even though the EOL was reached a).The C-
V characteristic first shift towards negative voltages. After some time a positive Vs

is visible as well b). The narrowing of the C-V curve show that both components
are due to charge trapping c). Test conditions: 25◦C, N2, 1atm, light on.

10.2.4 I-V characteristic of a MIM structure

To verify the type of charge trapped in the interposer dielectric an I-V curve of a
200nm AlN2 MIM capacitor was measured (Figure 10.4). The observed hysteresis
indicates indeed negative charge trapping.

10.2.5 Summary and discussion

The presented results show that the lifetime of the devices with the AlN2 dielectric
depends on the thickness of the interposer dielectric layer. However, a lifetime
reduction instead of an improvement with increasing thickness is observed. An
understanding of the effect requires a closer look at the obtained results.

The un-usual behavior, previously observed in the 200nm samples, is not noticed in
the 500nm devices. The C-V characteristic is shifted towards one direction only, i.e.
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a voltage shift of one sign is observed, during stressing the devices with positive
actuation voltage of amplitudes up to 50V. The amplitude of the Vs increases with
increasing amplitude of the actuation voltage. The EOL can be determined by
monitoring of only one, positive, pull-in voltage up to 50V of the Uact.

This voltage shift of only one sign indicates one dominant charging mechanism.

It has been shown that two charging mechanisms can cancel each other’s impact
on the voltage shift of the C-V characteristic. If both are equal, then no shift is
observed. However, the change of the pull-in window indicates the presence of the
two mechanisms. If one of the mechanisms becomes dominant, then a voltage shift
of one sign is observed. The domination of a mechanism can be observed if one
of the mechanisms is enhanced or another one reduced. The enhancement of one
of the mechanisms is mirrored in a higher change of the pull-in window. A lower
∆Wpi indicates the reduction.

The magnitude of the Vs observed during stressing the 500nm AlN2 devices is
higher than the one observed during stressing the 200nm AlN2 ENDORFINS
switches. At the same time, the pull-in window is affected less pointing to a
reduction of one of the mechanisms. The reduction of one charging mechanism is
linked to the use of the thicker interposer dielectric layer. The thicker interposer
dielectric is expected to trap less charge. Only a negative voltage shift, indicating
positive charge trapping, is observed. The magnitude of the positive shift, related
to negative charge trapping, seems to depend on the thickness of the interposer
dielectric. The stressing-after-EOL experiment shows that the second mechanism
is still present, though it is significantly reduced.

The I-V characteristic of a MIM capacitor with the AlN2 dielectric indicates
negative charge trapping in this type of dielectric.

The introduction of the thicker interposer dielectric layer caused a reduction of one
charging mechanism in the ENDORFINS switches. However, the other mechanism,
probably the substrate charging, is still present. Not compensated voltage shift
caused by charge trapped in the substrate lowers the lifetime of the devices.

In conclusion, there are clearly two charging mechanisms. The interposer dielectric
traps negative charges as confirmed with the I-V measurements of MIM capacitors.
For a thin dielectric, the negative charging of the interposer dielectric dominates the
second charging behavior. For a thick dielectric, the second charging mechanism
becomes more visible.



10.3 ”Fast” and ”slow” components

10.3.1 Introduction

The presence of charging mechanisms with different time constants has been
presented in section 8.6. Thus these different mechanisms can be separated in the
time domain.

The observations of the ”fast” and ”slow” Vs and ∆Wpi components can help
distinguishing the different charging mechanisms. The method can be used when
different mechanisms exhibit different time constants. More experiments using the
method were performed and are discussed in the following sections.

10.3.2 Experimental results

An ENDORFINS 200nm AlN2 device fabricated on the HR-Si wafer using positive
actuation voltage was stressed. The C-V characteristic was monitored at regular
intervals during stressing and during idling after stressing. The results are presented
in Figure 10.5.

Two mechanisms are visible: ”fast” and ”slow”. Both cause a voltage shift of
opposite signs. Most of the ”fast” charge is released during the first 1-2 minutes of
idling. Further, only a positive shift caused by the ”slow” charge is visible.

It is clear that the ”fast” charge is trapped and released in much shorter time
period than the ”slow” one. That helps in observations of both mechanisms.

10.4 ”Fast” component observations

10.4.1 Introduction

The results presented in section 8.5 show that depending on the amplitude of the
actuation voltage, different mechanisms can be dominating. One of the components,
the ”fast” one seems to be more visible when low amplitudes of the Uact (below
the Uopt) are used. This effect is used to study this particular component more in
detail.
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Figure 10.5: The Vs and ∆Wpi observed during and after stressing ENDORFINS
AlN2 devices with a positive actuation waveform. The ”fast” and ”slow” components
are visible. Test conditions: Uact=25V, 100Hz, 50%d.c., 1atm, N2, 25◦C, light on.

10.4.2 Experiments

Two groups of 500nm AlN2 ENDORFINS devices using positive and negative
actuation voltages of 10V amplitude were stressed. The C-V characteristic during
stressing was observed and Vs and ∆Wpi were extracted. The results are presented
in Figure 10.6.

10.4.3 Discussion

The positive and negative low actuation voltages cause a fast voltage shift of
opposite signs and similar magnitude. The pull-in window of the C-V characteristic
is modified in a similar way in both cases. The same magnitude of the Vs and
Wpi point to a similar quantity and distribution of charges. However, the different
voltage shift signs indicate trapping of both, positive and negative, types of charge.
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Figure 10.6: Positive and negative actuation voltage of 10V amplitude cause a
voltage shift of opposite signs. However, the magnitude of the Vs and ∆Wpi are
similar in both cases. Test conditions: 25◦C, N2, 1atm, light on.

It has been shown that the interposer dielectric traps mainly one type (negative) of
charges. However, even if both types of charge could be trapped in the interposer
dielectric, it is highly possible that the amount and space distribution are different.

The MEMS structure, the bottom electrode, interposer dielectric, gas (air) gap
and the beam, make a very asymmetric structure. Injection and/or extraction of
charges from the interposer dielectric are probably asymmetric as well. Therefore,
charge trapping in the interposer dielectric is less likely to cause the observed
effects presented in Figure 10.6.

Another possible place for charge trapping is the substrate. The silicon oxide is
known from amphoteric behavior. It can trap both types of charge [322, 343].
However, trapping positive and negative charge is expected to be asymmetric as
well.

A more plausible cause of the observed voltage shift is charging (not charge
trapping) of the switch capacitance. The dielectric creates a capacitor with the
bottom electrode and the beam. In the down position, the capacitor is charged
by the actuation voltage. However, when the actuation voltage is removed, the



capacitor does not have to be completely discharged for pull-out occurrence. As
long as the voltage across the capacitor is lower than the pull-out voltage, the beam
still can travel from bottom to top position. In the next cycle, a lower actuation
voltage is required to move the beam to the bottom position. As a result a voltage
shift is observed. Depending on the polarity of the actuation voltage, both positive
and negative voltage shifts can be observed. The phenomenon is an RC circuit
charging and is polarity independent.

Other possibilities are dipolar polarization of the dielectric material or charge
migration [343].

10.5 ”Slow” components observations

There are, at least, two techniques that allow observation of the ”slow” charging
components. The first technique has already been introduced: C-V characteristic
measurements during idling after stressing. This technique allows observations of
charge de-trapping. The second method introduces idling periods during stressing.
The idling period allows releasing the ”fast” charge. In the following experiment,
devices are stressed for a low number of cycles (e.g. 1000) and then not actuated
for a period of time (e.g. 2 min). The stressing-idling cycle is repeated several (n)
times. The C-V characteristics are measured after every idling period.

10.5.1 Idling after stressing

First, the results obtained using the ”idling after stressing” technique are presented
and discussed.

A number of 200nm AlN2 ENDORFINS devices were stressed using positive and
negative actuation voltage. However, long time stressing at high voltage causes the
devices to stick and observations of the C-V characteristic are difficult. Figure 10.7
shows results of the experiment performed at an actuation voltage of +25V. This
Uact amplitude allowed complete observations with both polarities of stress.

The C-V characteristic recovers in different ways when positive and negative
actuation voltages are used. The sign of the ”slow” component of the Vs depends
on the polarity of the actuation voltage. The way the charge is released is different
as well. The Vs and ∆Wpi change in different ways during idling. That may
indicate the existence of two different ”slow” mechanisms, activated by different
polarities of the actuation voltage. It is possible that both mechanisms cause
charging in both cases (positive and negative stressing) and only one is dominant
at a time.
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Figure 10.7: Monitoring thr C-V characteristic during idling after stressing allows
observations of the ”slow” charging mechanisms. The de-trapping of charge trapped
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That is contrary to the results presented in section 8.6. The ”slow” charging
component was always of one sign independently on the Uact polarity. However,
both experiments were performed using devices fabricated on two different wafers.
The substrate material is of two different resistivity levels. The thickness of the
AlN2 layer may be slightly different as well. All that may change the balance
between the mechanisms and/or make one of the mechanisms not present or not
visible in some cases.

The observations during idling after stressing allow the observations of the ”slow”
charge release. In addition, due to the long stressing period, the devices can
be stuck quickly and then the C-V characteristic measurements are impossible.
Therefore, another method, idling during stressing, is proposed.

10.5.2 Idling during stressing

The ”slow” charge occurs at higher amplitudes of the actuation voltage (>20V)
than the ”fast” charge. To avoid obscuring the ”slow” charges by the ”fast” ones,
idling periods during stressing were introduced. It has been shown that the ”fast”
charge is released in about 2 minutes (see Figure 10.5). Therefore, the devices were
stressed for 1000 cycles and then stressing was stopped for 2 minutes. The C-V
characteristic was observed during the experiment and the pull-in voltages were
extracted. The voltage shift and pull-in window changes are presented in Figure
10.8.

A shift of the C-V characteristic depending on the amplitude of the actuation
voltage is observed (Figure 10.8a and c). That is in agreement with Goldsmith’s
model: the higher the actuation voltage, the higher the impact on the C-V curve
(i.e. lower lifetime).

The sign of the voltage shift depends on the polarity of the actuation voltage.
That is contrary with the hypothesis of only one type charge being trapped in
the interposer dielectric. However, if the amplitudes of the voltage shift and the
∆Wpi are compared, then differences are visible (Figure 10.8g). The voltage shift
is lower and the C-V characteristic is more narrowed in the case of the negative
actuation voltage. That may indicate two different mechanisms activated by
different polarities of the actuation voltage.
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10.6 Bipolar actuation voltage

10.6.1 Introduction

The fact that different polarities of the actuation voltage activate different charging
mechanisms may explain the low efficiency of the bipolar actuation biasing scheme.
The bipolar actuation voltage was proposed as a remedy for the charge trapping.
The portion of charge trapped during a positive stressing period is expected to
be released during the consecutive negative stressing period. The total amount of
charge should be much lower and the lifetime of the devices should significantly
grow. However, an improvement of only about an order of magnitude is observed.

10.6.2 Experiments

A number of devices were stressed with bipolar actuation voltages of various
amplitudes. The C-V characteristic was monitored during stressing. The pull-in
voltages were extracted and Vs and ∆Wpi were calculated. The results are presented
in Figure 10.9.

The C-V characteristic of a device stressed with an amplitude lower than the optimal
actuation voltage is shifted towards negative voltages. The C-V characteristic of
a device stressed with an amplitude higher than the optimal actuation voltage is
shifted towards positive voltages. The C-V characteristic of a device stressed with
an amplitude of the actuation voltage within the range of the optimal voltages is
not shifted indicating no charge trapped. However, the evolution of the pull-in
window shows that in all the cases there is charge trapped. The changes of the
Wpi grow with increasing amplitude of the actuation voltage.



10.6.3 Discussion

The two mechanisms can cancel each other’s influence on the shift of the C-V
characteristic. However, they both cause narrowing of the C-V characteristic. An
explanation of the influence of the two mechanisms on the C-V characteristic and
its dependence on the amplitude of the actuation voltage is presented below, and
is based on the model proposed by Rottenberg [305].

Two portions of two dielectric materials are placed between two parallel electrodes.
It is assumed that the charging properties of the two dielectric materials are
different. At a lower actuation voltage (Uact < Uopt) charge is trapped in the
dielectric 1 and the dielectric 2 does not charge at all (Figure 10.10a). That causes
a shift of the C-V characteristic. In the range of the optimal actuation voltage,
both dielectrics trap a similar amount of charge but with opposite sign (Figure
10.10b). The net charges is equal to zero, therefore no shift is observed. However,
the charge trapped causes narrowing of the C-V curve. At the actuation voltage
higher than the Uopt, the dielectric 2 traps more charge than the dielectric 1 (Figure
10.10c). The net charge is not zero, therefore an opposite voltage shift of the C-V
curve is observed as well as narrowing.

The effect can be observed in two cases: If both types of charge are trapped in the
interposer dielectric, and if one of them is trapped in the interposer dielectric and
one in the substrate (see section 9.4.6).

10.7 Impact of the C-V characteristic measurements

10.7.1 Introduction

If both part of the bipolar actuation voltage can cause trapping of charges, then the
C-V characteristic measurement can cause unwanted additional charge trapping as
well. An experiment to verify that was performed.

10.7.2 Experiment

Two ENDORFINS devices were stressed with a unipolar actuation waveform and
the C-V characteristic was measured during stressing. The time between the C-V
measurements was either 103 or 104 cycles. The pull-in voltages were extracted
and Vs and ∆Wpi were calculated. The results are presented in Figure 10.11.
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10.7.3 Conclusions

Figure 10.11 shows an effect of the C-V measurement. So, the C-V characteristic
is an invasive method in a sense that the state of the device is modified during
probing. However, it is still probably the safest and the simplest method. The
device is not destroyed. The C-V characteristic measurement should be performed
only when necessary. The amplitude of the actuation voltage should only be a
fraction higher than the expected positive and/or negative pull-in voltage. An
intelligent C-V measurement can be introduced that stops increasing the actuation
voltage as soon as the pull-in is detected.

10.8 Bottom-pad and beam actuation - FEM simula-
tions

It is demonstrated that the charge can be trapped either in the interposer dielectric
or in the substrate. Both can influence the C-V characteristic and limit the lifetime
of the capacitive RF MEMS devices.

In addition, it was shown that the two charging mechanisms can exhibit different
time constants, depending on the amplitude of the actuation voltage. Separation
of the ”fast” and ”slow” ones is possible by modification of the stressing methods.
However, an unambiguous identification of the particular mechanisms is still
difficult.

The interposer dielectric charging and the substrate charging are additionally
separated: in space. The charge is still trapped in the vicinity of the bottom
actuation pad and the beam, yet, it can be placed at different positions.

A method to illustrate the distribution of the charge in the switch has been
presented by Herfst et al. in [400]. However, the method is destructive. To observe
the distribution of the charge in the interposer dielectric, the beam, that usually
covers the dielectric layer, needs to be removed. Moreover, the time between
end-of-stressing and the charge distribution measurement is finite. The fast charges
may have enough time to escape. In that case they will be missed.

It has been already presented that the beam of the switch can be used as a charge
sensor. It can sense the surrounding electric field. The readout is hidden in the
C-V characteristic modifications.

10.8.1 Bottom-electrode vs. beam actuation

There are two possible ways of actuating the devices:



• the actuation voltage applied to the bottom electrode and the beam grounded,

• the actuation voltage applied to the beam and the bottom electrode grounded.

Considering the parallel-plate model, only the sense of the electric field vector is
changed (Figure 10.12a and b). The same effect can be obtained by applying an
actuation of the opposite polarity to the bottom electrode.

However, in the case of the ENDORFINS structures, bar-type beam anchored
in the ground pads suspended above the signal line, the situation is different
(Figure 10.12c and d). The asymmetry due to the shape of the beam and the
bottom electrode and the presence of the grounded substrate causes different field
distribution for each biasing scheme. Therefore, an extended model of the switch
is introduced.

The beam is suspended above the substrate with one actuation and two ground
pads. The bottom actuation pad is separated from the ground pads exposing the
substrate in the slots. The substrate is represented as a 200nm layer of SiO2 on
a 1µm aluminum layer. To a first approximation, the HR-Si can be considered
conductive. The resistivity of the silicon is much lower than the resistivity of the
SiO2. Therefore, the HR-Si is replaced with a conductive plate.

The actuation voltage applied to the bottom electrode generates an electric field
congregated above the bottom electrode (Figure 10.12c). The actuation applied
to the beam creates an electric field distributed more uniformly below the whole
beam (Figure 10.12d).

Figure 10.13 shows the results of FEM simulations of the field along a line in one
slot (the left one) of the structure actuated using the two biasing schemes. The
magnitude of the electric field drops very fast aside the bottom actuation pad during
the bottom-pad actuation (Figure 10.13a). In the case of the beam-actuation, the
field penetrates the slots (Figure 10.13b). The simulated C-V characteristics show
that the pull-in voltage is lower when the actuation is applied to the beam (Figure
10.13c). That is due to the fact that the substrate extends the actuation area
increasing the electrostatic force. The electrostatic force is generated not only
between the beam and the bottom actuation pad. An additional force component
is created between the beam and the substrate. Therefore, a lower voltage needs
to be applied for the pull-in occurrence. The results are confirmed with results of
measurements. The C-V characteristic measured by applying the actuation voltage
to the bottom beam is narrower than the bottom-pad actuated curve (Figure
10.13d). That indicates lower positive and negative pull-in voltages.

The changes of the C-V characteristic (shift and narrowing) depend on the influence
of the trapped charge on the electric field component generated by the actuation
voltage (see section 2.5). The different electric field space distribution obtained
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with the two biasing methods can help locating the different charging mechanisms
in space.
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Figure 10.14: The FEM simulations with charge placed in various positions were
performed: a) 1. uniformly in the interposer dielectric, 2. uniformly in the substrate
(slots), b) 3. non-uniformly in the interposer dielectric, 4. non-uniformly in the
substrate, close to the actuation pad and 5. close to the ground pads.

10.8.2 FEM simulation results

A number of FEM simulations using ANSOFT MAXWELL software of bottom-pad
and beam actuated cases without and with charge placed in different positions
were performed (Figure 10.14). Only one type of charge in one position at a time
is considered.

The results are presented in the form of C-V curves, although, only the pull-in
voltage was simulated. The pull-out voltage is artificially added to make the graphs
easier to read.

No charge trapped

The no charge trapped case has been presented in Figure 10.13. The beam-actuated
C-V characteristic is narrower than the bottom-pad-actuated curve. The field
between the substrate and the beam creates an additional electrostatic force
lowering both pull-in voltages.

Charge uniformly distributed in the interposer dielectric

Figure 10.15a and b show simulated C-V curves of a device with charge uniformly
trapped in the interposer dielectric. In both cases mainly a shift of the characteristics
is observed. The bottom-pad actuation case is similar to the parallel-plate model
case. Most of the electric field is concentrated between the bottom pad and the
beam. The charge trapped in the interposer dielectric modifies the electric field
component created by the actuation voltage (continuous-line arrows) (Figure 10.15c)
resulting in a voltage shift of the C-V characteristic.

In the beam-actuated case, the charge trapped in the interposer dielectric modifies
only a part of the electric field generated by the actuation voltage. This case can
be compared to the non-uniform charge distribution in the parallel-plate model.



However, due to different beam-bottom pad and beam-substrate distances, the
field between the bottom pad and the beam is higher than between the beam and
the substrate. Therefore, it is similar the case described by Rottenberg et al. [310]
- non-uniformly distributed charge and non-uniformly distributed air gap. Mainly
shift with narrowing of the C-V curve is observed.

Charge uniformly distributed in the slots

Figure 10.16a and b show the C-V curves of a device with charge uniformly trapped
on the surface of both slots.

The charge trapped in the substrate (slots) does not change the electric field
component generated by the actuation voltage. It generates an additional electric
field component, thus an electrostatic force, independent on the applied Uact

(dashed-line arrows). Therefore, mainly narrowing of the C-V characteristic is
observed in the bottom-pad actuated case.

The beam-actuated case is different as the electric field generated by the actuation
voltage is present in the slots as well as between bottom pad and the beam. The
charge in the slots can modify the field component created by the actuation voltage
(Figure 10.16d). A shift of the C-V characteristic is observed (Figure 10.16b). The
charge modifies only a part of the electric field generated by the actuation voltage.
Therefore, the C-V curve is additionally narrowed.

This case is similar to the non-uniform charge distribution case presented by
Rottenberg et al. in [310].

Charge non-uniformly distributed in the interposer dielectric

The uniformly distributed charge in either the interposer dielectric or the
substrate can be easily recognized using the bottom-pad- and beam-actuated C-V
characteristic measurements. It becomes more complicated when the non-uniform
charge distribution is considered.

The impact of the non-uniformly distributed charge in the interposer dielectric
has been described by Rottenberg [305]. It can cause a shift and narrowing of the
C-V curve at the same time (section 2.5). Both, bottom-pad- and beam-actuated,
C-V characteristics can be modified in a similar way (Figure 10.17a and b). In
both cases, only a part of the actuation voltage generated electric field is modified
(Figure 10.17c and d).
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C-V curves.
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Figure 10.16: Uniform charge distribution in the substrate (slots). During bottom-
pad actuation (a and c), mainly small narrowing of the C-V curve is observed.
During beam actuation both shift and narrowing are observed.



Charge non-uniformly distributed in the substrate

Two of the possible cases of non-uniform charge distributions in the substrate were
simulated: the charge agglomerated close to the bottom actuation pad (Figure
10.18) or close to the ground pads (Figure 10.19).

Charge trapped close to the bottom actuation pad can cause a shift and narrowing of
the bottom-pad-actuated C-V curve (Figure 10.18a). The charge creates additional
force (dashed-line arrows) that causes narrowing of the C-V characteristic (Figure
10.18c). In the same time the charge may impact the distribution of the field
generated by the actuation voltage (continuous-line arrows). Therefore, a shift is
observed as well.

The beam-actuated C-V curve is shifted and narrowed due to non-uniform
modifications of the actuation-voltage generated electrostatic field (Figure 10.18b
and d).

The charge trapped in the slots close to the ground pads causes mainly narrowing of
the bottom-pad-actuated C-V characteristic (Figure 10.19a). The charge creates an
additional force and does not impact the actuation-voltage generated field (Figure
10.19c).

The beam-actuated C-V characteristic is narrowed as well (Figure 10.19b). That
is due to the charge generating a force between the ground pads and the beam
(Figure 10.19d).

The beam and the ground pads are electrically connected and on the same potential.
Therefore, no electrostatic force between them is expected. However, charge trapped
in the vicinity of the two may act as an additional electrode. The charge creates an
electric field component that generates an electrostatic force attracting the beam
and the ground pad towards each other (dashed-line arrows) (Figure 10.20). The
force is independent on the actuation voltage therefore it can cause narrowing of
the C-V characteristic.

10.8.3 Voltage shift vs. narrowing of the C-V curve

Charge trapped in the switch can influence the C-V characteristic in several ways.
The curve can be either shifted, narrowed or shifted and narrowed at the same time.
The shift is attributed to a presence of charge trapped uniformly in the interposer
dielectric. Non-uniformly distributed charge can cause the shift+narrowing of the
C-V curve. Both narrowing and shift+narrowing can be observed when charge is
trapped in the substrate.

Two cases of the shift+narrowing effect on the C-V characteristic can be identified.
In one case, the magnitude of one pull-in voltage (e.g. negative) is increased and
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Figure 10.17: Non-uniform charge distribution in the interposer dielectric causes
the shift and narrowing of the C-V curve.

a) bottom-pad actuation b) beam actuation

1.0

0.5

0.0

C [a.u.]

-10 -5 0 5 10 U [V]

  no charge
  with charge 

1.0

0.5

0.0

C [a.u.]

-10 -5 0 5 10 U [V]

  no charge
  with charge 

c) |Vs| > 0 < |∆Wpi/2| > 0 d) |Vs| > 0 > |∆Wpi/2| > 0

Figure 10.18: Non-uniform charge distribution in the substrate (slots). Charge
agglomerated close to the actuation pad causes a shift and narrowing of the bottom-
pad- a) and the beam-actuated C-V curves b). In the bottom-pad actuation case,
the charge generates an additional force (dashed-line arrows) c).
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Figure 10.20: The charge trapped close to the ground pad may generate an
electrostatic force component attracting the beam to the ground pad. The force
does not depend on the polarity of the actuation voltage, therefore it causes
narrowing of the C-V beam-actuated C-V characteristic.

the magnitude of the other one (e.g. positive) is decreased (Figure 10.21a). In the
other case, the magnitude of the both pull-in voltages is decreased (Figure 10.21b).
In both cases, the C-V curve is shifted and narrowed. However, it is clear that
there is a difference.

The Vs and the ∆Wpi has been, so far, thought as two separate effects on the C-V
curve. Yet, the mutual relations between the two can give valuable information
about the charge trapped in the switch.

The voltage shift and the pull-in window changes are caused by modifications of the
positive and negative pull-in voltages. However, to explain the two shift+narrowing
cases the roles are switched: the pull-in voltages change due to factors causing a
shift and narrowing of the C-V characteristic.
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∆Vpi = ∆wVpi + ∆sVpi (10.1)

∆sVpi = Vs (10.2)

∆wVpi = ∆Wpi

2 (10.3)

The ∆Vpi can be presented as a sum of two components (10.1): the change of the
pull-in due to the C-V shift ∆sVpi and the change of the pull-in due to the C-V
pull-in window modifications ∆wVpi, i.e. narrowing. Both positive and negative
pull-in voltages are shifted with the same magnitude as the center of the C-V curve.
Therefore, the ∆sVpi is equal to the Vs (10.2). The ∆Wpi is a sum of the ∆V +

pi and
∆V −pi (see section 2.5.4). Therefore, the ∆wVpi is equal ∆Wpi/2 (10.3), assuming
symmetric changes of the pull-in window.

The relation between the Vs and ∆Wpi/2 can be further analyzed.

|Vs| > |∆Wpi/2| case

An example of this case is presented in Figure 10.21a. The magnitude of the
positive pull-in voltage is decreased and the negative pull-in becomes more negative.



However, the negative pull-in voltage is increased with a lower value than the
positive one is decreased.

The ∆sVpi component is higher than the ∆wVpi. I.e. the C-V characteristic is
more shifted than narrowed.

This case, presented in section 2.5.5, is attributed to the non-uniform charge
distribution in the interposer dielectric layer. The component of the electric field
generated by the actuation voltage is modified. The charge decreases one of the
Vpi and is not able to shift the other one with the same amplitude.

|Vs| < |∆Wpi/2| case

An example of this case is presented in Figure 10.21b. The magnitude of both
pull-in voltages is decreased with different values. The ∆sVpi component is lower
than the ∆wVpi. I.e. the C-V characteristic is more narrowed than shifted.

The C-V characteristic can be narrowed more than shifted when an additional
force appears. The force is independent on the actuation voltage. The electric
field generating the force cannot be influenced by the actuation voltage. However,
the additional electric field may influence the distribution of the field component
created by the actuation voltage. Another possibility is a change of the actuation
area during stressing. Then, the electrostatic force is higher when the actuation
voltage of both polarities is applied. Both pull-in voltages are decreased and mainly
a pull-in window change is observed. The change of the actuation voltage can be
caused by modifications of the physical dimensions of the device. However, the
change of the distribution of the electric field generated by the actuation voltage
alongside the beam can give a similar effect.

One of the possible sources of the additional force independent on the actuation
voltage is charge trapped in the substrate in the slots between the actuation and
ground pads.

10.8.4 Summary

Figure 10.22 shows a summary of the observed effects. The positive and negative
pull-in voltages were extracted and Vs and ∆Wpi/2 were calculated. The graphs
show that the bottom-pad- and beam-actuated C-V characteristics can be used to
locate charge trapped in the capacitive RF MEMS switches. Charge trapped in
different positions can be identified using a combination of the two types of C-V
curves. The method is usefull only when the C-V characteristics are influenced by
one type of charge trapped in one position at a time.



a) b)

-1.0

-0.5

0.0

U [V]

543210

pad-actuated
Vs     and    (∆Wpi)/2

no
 c

ha
rg

e

in
te

rp
os

er
un

ifo
rm

sl
ot

s
un

ifo
rm

in
te

rp
os

er
no

n-
un

ifo
rm

sl
ot

s
ac

tu
at

io
n 

pa
d

sl
ot

s
gr

ou
nd

 p
ad

s

-1.0

-0.5

0.0

U [V]

543210

beam-actuated
Vs     and     (∆Wpi)/2

no
 c

ha
rg

e

sl
ot

s
un

ifo
rm

in
te

rp
os

er
un

ifo
rm

in
te

rp
os

er
no

n-
un

ifo
rm

sl
ot

s
ac

tu
at

io
n 

pa
d

sl
ot

s
gr

ou
nd

 p
ad

s

c) d)

-1.0

-0.5

0.0
U [V]

543210

Vs
pad-  and beam-actuated

no
 c

ha
rg

e

in
te

rp
os

er
un

ifo
rm

in
te

rp
os

er
no

n-
un

ifo
rm

sl
ot

s
ac

tu
at

io
n 

pa
d

sl
ot

s
un

ifo
rm

sl
ot

s
gr

ou
nd

 p
ad

s

-1.0

-0.5

0.0

U [V]

543210

no
 c

ha
rg

e

in
te

rp
os

er
un

ifo
rm

in
te

rp
os

er
no

n-
un

ifo
rm

sl
ot

s
un

ifo
rm

sl
ot

s
ac

tu
at

io
n 

pa
d

sl
ot

s
gr

ou
nd

 p
ad

s

(∆Wpi)/2
pad-  and beam-actuated

Figure 10.22: The mutual relations between the Vs and ∆Wpi/2 of the bottom-pad-
and beam-actuated C-V characteristics can give valuable information about the
space location of the trapped charge.

10.9 Bottom-pad- and beam-actuated C-V character-
istics

10.9.1 Introduction

The bottom-pad- and beam-actuated C-V characteristics can be used to locate the
charging mechanisms. However, this can only be done in a reliable way if one of the
mechanisms is active at a time. Therefore, the experiments should be performed
in such a way that one type of charge is highlighted.

A number of the ENDORFINS 07 144 04 devices fabricated on a HR-Si wafer
with 500nm thick layer of the AlN2 dielectric were used fir these experiments. A
thicker layer is supposed to limit charge trapping in the interposer dielectric. A
low amplitude of the actuation voltage (10V to 16V) is expected to cause less



charging as well. To isolate the ”slow” charge the idling-during-stressing technique
was used. The devices were first stressed for 1000 cycles and then un-actuated for
a period of 20s. The stressing-idling cycle was repeated 100 times. Both types of
C-V characteristics, bottom-pad and beam actuated, were measured after every
cycle. The pull-in voltages were extracted and the Vs and ∆Wpi/2 were calculated.
The results are discussed in the following paragraphs.

10.9.2 Results

The results of the experiments point to the interposer dielectric charge trapping.
The bottom-pad- and beam-actuated C-V curves are more shifted than narrowed
(Figure 10.23). The sign of the voltage shift depends on the polarity of the actuation
voltage. The Vs magnitude is proportional to the amplitude of the actuation voltage
indicating more charge being trapped with increasing amplitude of the actuation
voltage. The ∆Wpi does not depend on the amplitude of the actuation voltage.
However, different polarities of the actuation voltage cause slightly different changes
of the pull-in window. That indicates an Uact-polarity dependent distribution of
charge.

10.9.3 Summary

The obtained results are different from the anticipated ones. Even though, the
test conditions favored the substrate charging, the observed C-V changes point to
interposer dielectric charging.

The devices with 500nm AlN2 dielectric layer were expected to trap more charge
in the substrate at the used (10V to 16V) amplitudes of the actuation voltage.
However, the changes of both types of C-V characteristics point to interposer
dielectric charging. The Vs of the bottom-pad- and beam-actuated C-V curves
is higher than the ∆Wpi/2. According to the proposed model, that can occur
when charge is trapped in the interposer dielectric. It is opposed to the previous
observations as well (see section 10.2. The failure of the devices stressed with low
amplitudes of the actuation voltage (< Uopt) was attributed to substrate charging.

It is clear that the proposed model of the switch needs further verification.
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characteristics recorded during stressing the devices with positive and negative
actuation voltages applied to the bottom actuation pad n is the number of stressing
(1000 cycles) and idling (20sec) cycles. Test conditions: 25◦C, N2, 1atm, light on.
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Figure 10.24: Stressing with the actuation voltage applied to either the bottom pad
a) or the beam b) allows stressing the two materials, the substrate and interposer
dielectric, with electric field components of different senses at a time.

10.10 Bottom-pad and beam stressing

10.10.1 Introduction

The ENDORFINS devices can be actuated in two ways: with the actuation voltage
applied to either bottom electrode or to the beam. It is shown in the previous
section that the C-V characteristics measured using the two biasing methods allow
locating charge trapped in the devices. However, both methods can be used for
stressing the devices as well. The effect of this is presented in this section.

10.10.2 Bottom-pad- vs. beam-actuated stressing

Each method causes a different distribution of the electric field between the bottom
actuation pad and the beam. In addition, the two types of biasing methods cause
stressing of the interposer dielectric and the substrate with different polarities at
the same time.

Indeed, a positive actuation applied to the bottom pad causes positive stressing of
the interposer dielectric and the substrate (Figure 10.24a). However, a positive
actuation applied to the beam causes negative stressing of the interposer dielectric
and still positive stressing of the substrate (Figure 10.24b). The substrate is
stressed with the same polarity in both cases. A similar situation occurs in the case
of the negative actuation voltage. All the combinations are listed in Table 10.1.

10.10.3 Results and discussion

A number of ENDORFINS 07 144 04 500nm AlN2 structures fabricated on a HR-Si
substrate were stressed. The actuation voltage was applied to either the bottom
pad or the beam. To limit the impact of the ”fast” charges the idling-during-



Table 10.1: Positive and negative actuation voltage applied to either the bottom
pad or the beam can cause stressing of the interposer dielectric and the substrate
of different polarities at a time.

biasing method Uact polarity interposer dielectric substrate

pad-actuation positive positive positive
negative negative negative

beam-actuation positive negative positive
negative positive negative

stressing method was used. The devices were stressed for 1000 cycles and then
un-actuated for a period of 20s. The stressing-idling cycle was repeated 100 times.
The bottom-pad- and beam-actuated C-V characteristics were measured after every
stressing-idling cycle. The pull-in voltages were extracted and Vs and ∆Wpi were
calculated.

Figure 10.25 shows the results of the experiments grouped according to the polarity
of the interposer dielectric stressing. Both, bottom-pad- and beam actuated C-V
characteristics measured during the bottom-pad and beam positive and negative
actuation are modified in a similar way. The Vs is always higher than the ∆Wpi/2.
That points to the interposer dielectric charging.

The sign of the voltage shift depends on the polarity of the electric field component
across the interposer dielectric. However, the charge trapped in the interposer
dielectric has been shown to be independent on the polarity of the applied actuation
voltage. Therefore, the source of the observed changes of the Vs sign may be in the
other dielectric present in the switch - the substrate.

In addition, the evolutions of the Vs and ∆Wpi/2 differ during stressing with
different actuation methods. That may point to different charge distributions.

10.10.4 Summary

The results of the presented experiment do not bring a clear answer about the
location of the charge trapped in the tested devices. There is a discrepancy in
the obtained results of the presented experiment. The sign of the voltage shift
points to the interposer dielectric charging, even though test conditions favoring the
substrate charging were chosen. However, slightly different Vs and ∆Wpi observed
during the bottom-pad and beam actuation may indicate additional substrate
charging.

Once more, the obtained results are different than expected. The mismatch can be
attributed to an important factor that is omitted in the presented switch model.
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Figure 10.25: The results (Vs and ∆Wpi/2) obtained during stressing the
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10.11 Dual-alternating actuation method

10.11.1 Introduction

The presented extended model and the method to locate the charge trapped in the
switch can give reliable information only when one type of charge is trapped at a
time. Therefore, the devices need to be stressed in a way to emphasize one type
of charging as much as possible. A thicker dielectric layer, idling-during-stressing,
bottom-pad and beam actuated C-V characteristic were not enough. The obtained
results were different than expected. Therefore, another method to isolate the
mechanisms is needed.

The previous experiments with bottom-pad and beam actuation of the devices
required an adaptation of the testing equipment. The introduced modifications
allow actuating devices with any combination of the actuation voltages applied to
the bottom pad and the beam.

10.11.2 Dual-alternating actuation method

Figure 10.26 shows one of the possible actuation methods. Two unipolar square-
shaped waveforms are shifted in phase of 180◦ (Figure 10.26b and c). The first
actuation voltage is applied to the bottom pad (Upad) and the second one - to
the beam (Ubeam). The back side of the substrate is grounded. There are three
consequent phases ”1”, ”2” and ”3” indicated in Figure 10.26:

”1” - a positive actuation voltage is applied across the interposer dielectric, a
positive actuation voltage is applied to the substrate on the actuation pad,

”2” - a negative actuation voltage is applied across the interposer dielectric and
a positive actuation voltage is applied to the substrate on the ground pads,

”3” - equal to the phase ”1”.

As a result, the interposer dielectric is stressed with an electric field component of
an alternating vector sense. It is similar to the one obtained during the one-source
bipolar actuation voltage. The electric field stressing the substrate is a quasi-sum
of the voltages. It appears either close to the bottom actuation pad or close to the
ground pads. However, it is always of the same polarity. A similar situation takes
place when the Upad and Ubeam components of negative polarity are used. The
interposer dielectric is stressed with a bipolar actuation voltage and the substrate
with quasi-unipolar negative actuation voltage.

This way of actuating the devices is called the dual-alternating actuation method.



As the interposer dielectric is always stressed with the equivalent of a bipolar
actuation voltage, the charging of it is expected to be observed as changes of the
C-V characteristic independent on the polarity of the component waveforms. Any
difference, especially the sign of the Vs, indicates substrate charging.

10.11.3 Results

A number of ENDORFINS 07 144 04 devices with 500nm thick AlN2 layer
fabricated on a HR-Si wafer were tested. The devices were first stressed with the
mentioned dual-alternating stressing method of both polarities and with various
amplitudes of the component waveforms. Then, the devices were un-actuated
and the C-V characteristics (bottom-pad- and beam-actuated) were measured in
regular 100s time periods. Therefore, the release of the initially trapped charge
was observed.

Groups consisting of 9 devices with one set of parameters were tested. The graphs
show averaged values with corresponding 3σ errors.

Figure 10.27 shows the obtained results. The Vs of the two types of C-V curves
is higher than the ∆Wpi/2 for both polarities. That points to the interposer
dielectric charging during stressing the devices with positive and negative component
waveforms. However, the sign of the voltage shift depends on the polarity of the
component waveforms. While Udiel is independent of this (Figure 10.26d). That
can be possible only if charge is trapped in the substrate.

10.11.4 Summary

The experiment clearly shows that the mechanism previously identified as the
interposer dielectric charging is, in fact, the substrate charging. The interposer
dielectric stressed with an alternating sense of the electric field vector should cause
a Vs of one sign only. Another possibility would be a random Vs sign. However,
the obtained results are consistent. The sign of the voltage shift is always related
to the polarity of the used actuation voltage.

It is obvious that an important factor is overlooked in the presented extended model.
The experiments presented in the following sections allowed further understanding
of the mechanisms governing the physics and reliability of the capacitive RF MEMS
switches.
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Figure 10.27: The results of experiments performed using the dual-alternating
biasing method with positive and negative component waveforms. Test conditions:
25◦C, N2, 1atm, light on.



10.12 Dual-common actuation method

10.12.1 Introduction

The previous section presented results of experiments where the switches were
stressed with a dual-alternating actuation voltage. The method allows stressing the
interposer dielectric and the substrate with electric field components of different
polarities at the same time. However, the electric field across the interposer
dielectric was not zero. There is a possibility to actuate the devices in a way to
keep the interposer dielectric electric field component zero. This is discussed in the
following.

10.12.2 Dual-common actuation method

If the actuation voltage on the bottom actuation pad and the beam are equal
(Upad = Ubeam), and the back side of the silicon wafer is grounded, then there is
an electric field present only in the slots (Figure 10.28a). The electric field across
the interposer dielectric is equal to zero. The device works in a regime similar to
the one used in devices presented by Siegel et al. in [45]. The substrate plays the
role of the bottom actuation electrode. The electrostatic force is high enough to
actuate the switch with the amplitude of the applied actuation voltage below 50V.

As both actuation voltages are equal, the method is called dual-common actuation.

10.12.3 Dual-common actuation of the switch

An example of the C-V characteristic measured using the dual-common actuation
method using triangular waveforms is presented in Figure 10.29a. Figure 10.29b
shows the signal recorded during stressing a device with the dual-common actuation
method using square-shaped waveforms of 100Hz frequency and 50V amplitude.
Both graphs show that it is possible to actuate the ENDORFINS devices using the
dual-common actuation method, indicating that the electrostatic force is indeed
high enough.

The shape of the C-V characteristic is different than the one obtained during the
standard C-V measurements. The pull-in and pull-out transitions are not that
sharp and the extraction of the Vpi and Vpo can be loaded with a bigger error.

A number of experiments using the dual-common C-V characteristic measurements
were performed. However, due to the uncertainty the results are not reliable.
Therefore, the dual-common actuation method was used only for stressing. The
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charge detection was done by the regular, bottom-pad- and beam-actuated, C-V
characteristic measurements.

10.12.4 Dual-common actuation stressing in N2

A number of experiments using the dual-common actuation method were performed.
The procedure was similar to the one used with the dual-alternating actuation
method: idling-after-stressing, the stressing time, the time between the C-V
measurements after stressing etc.

The results of stressing devices with dual-common positive and negative actuation
voltage are presented in Figure 10.30.

The change of the pull-in voltage and pull-in window are significantly lower
compared to the dual-alternating stressing results.

10.12.5 Dual-common actuation stressing in air

The C-V characteristic of the devices stressed with the dual-common actuation
method in N2 atmosphere did not change during stressing. That may indicate
a perfect actuation method that does not cause failure. However, a lifetime
experiment to show charging was performed. Two devices were stressed with the
dual-common actuation method of positive and negative polarities at this time
in ambient air environment. Three types of C-V characteristics before and after
stressing were measured: dual-common-, bottom-pad and beam-actuated.

The dual-common-actuated C-V curves show a voltage shift of the sign dependent
on the polarity of the actuation voltage (Figure 10.31a and b). This type of C-V
characteristic can be shifted only by charge trapped in the substrate. Charge
trapped in the interposer dielectric does not change the electric field component
generated by the actuation voltage. The component is zero all the time. Therefore,
the charge trapped in the interposer dielectric cannot cause a voltage shift. However,
the charge can create a constant force independent on the applied actuation. That
is mirrored in narrowing of the pull-in window.

The bottom-pad- and beam-actuated C-V characteristics confirms that conclusion.
The bottom-pad-actuated C-V curve is more narrowed than shifted (Figure 10.31c
and d) and the beam-actuated C-V curve is more shifted than narrowed (Figure
10.31e and f). According to the presented model, this combination can occur only
in the case of the substrate charging. As the changes of the C-V characteristics are
observed after stressing the devices in a humid environment, it is highly possible
that the charge is placed on the surface of the substrate. Both types of charge can
be trapped.
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Figure 10.30: The results of stressing ENDORFINS devices with positive and
negative dual-common actuation methods. Test conditions: 25◦C, N2, 1atm, light
on.
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e) and f) C-V characteristics measured before and after stressing devices with
dual-common positive and negative actuation methods in ambient air atmosphere.
Test conditions: 25◦C, light on.



10.12.6 Summary

The dual-common actuation method allows stressing the device with the electric
field component across the interposer dielectric equal to zero. Therefore, any
observed changes of the C-V characteristic are expected to be due to the charge
trapped in the substrate. A number of experiment using the actuation method are
presented. The results of the experiments performed in N2 atmosphere show almost
no charging. However, the introduction of humidity does accelerate charging. A
voltage shift and narrowing of the C-V characteristics is observed in ambient air.

The observed voltage shift of the dual-common-actuated C-V characteristics can
be caused only by charge trapped in the substrate. The results are confirmed with
bottom-pad- and beam-actuated C-V curves. The relations between the Vs and
the ∆Wpi/2 point to substrate charging.

10.13 Summary

A number of methods based mainly on different biasing schemes to isolate and
identify different charging mechanisms are presented in this chapter. In the first
experiment devices with a thicker interposer dielectric layer were used. A reduction
of the lifetime instead of the expected improvement was observed. It is shown that
the introduction of the thicker dielectric reduced the interposer dielectric charging
and emphasized the other charging mechanism - the substrate charging.

Next, a more detailed study of the ”fast” and ”slow” charging mechanisms is
presented. The ”fast” charges cause mainly a shift of the C-V characteristic that
saturates relatively fast. The C-V characteristic is influenced in a similar way
independently on the polarity of the actuation voltage. The magnitude of the Vs

and ∆Wpi are very similar. Only the sign of the voltage shift depends on the
polarity of the actuation voltage. However, they disappear very fast. They are
attributed to charging the capacitance of the switch or to dipolar polarization or
space charge migration.

The charging mechanisms of higher time constants, called ”slow”, can be observed
during or after stressing devices with dedicated biasing methods. Idling-during-
stressing allows the observation of ”slow” trapping and idling-after-stressing - ”slow”
de-trapping. There are two ”slow” charging mechanisms visible. Both occur at
different polarities of the actuation voltage. The influence of the C-V characteristic
is slightly different: both Vs and ∆Wpi are modified differently.

The use of the abovementioned methods allows distinguishing only the mechanisms
of different time-constants. Introduction of an extended model of the switch, taking
a simplified substrate representation into account, was expected to allow space



location of the charging mechanisms. However, the obtained results were different
than expected. The bottom-pad- and beam-actuated C-V characteristics indicate
interposer dielectric charging even if the used testing conditions limited or excluded
charging of the interposer dielectric. The last experiment, dual-common stressing
in air, showed that the method is useful, though, limited. Charge trapped on the
surface of the substrate can be detected.

The disagreement of the experimental data with the expectations based on the
proposed extended model shows that the model is missing an important factor.
The electrical properties of the substrate seem to have a higher than assumed
impact on the distribution of the electric field in the switch. That may increase
both the charge trapping and the sensitivity of the beam to the charge trapped in
the substrate.

The contribution of the substrate to the distribution of the electric field and thus
the electrostatic force acting on the beam needs a better understanding. It has
been neglected so far. The study on this is presented in the next chapter.





Chapter 11

More about the impact of the
substrate

11.1 Introduction

This chapter is focused on a study of an impact of the substrate on the charging
sensitivity, thus the reliability, of the MEMS devices.

The impact of different types of substrates has been studied: high-resistivity silicon,
glass and quartz. However, the integration of the CMOS and MEMS devices will
probably force the use of HR-Si like substrates: a relatively thin layer of dielectric
separating the MEMS from a conductive or semi-conductive layer of material. This
chapter presents some insights into this aspect.

It has been assumed in the presented model that the high-resistivity silicon below
the silicon dioxide layer can be considered conductive. However, the properties of
silicon in the Si-SiO2 system has been studied for years. They are known to be far
from properties of a metal layer. The silicon, silicon dioxide and metal layers stack
bring to mind the well known MOS diode. Charge accumulation, depletion and
inversion can occur. The charge trapped in or on top of the silicon dioxide layer
may affect the behavior of the silicon layer. On top of that, the silicon is sensitive
to light and temperature. All these mentioned factors may affect the distribution
of the electric field below the beam of the capacitive switch.

First, the impact of the MOS diode on the characteristic of the ENDORFINS
switch is presented. A number of C-V characteristic measurements performed
under various conditions are presented.
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The sensitivity of the silicon to light may have an impact on the dynamic properties
of the MEMS devices. An experiment showing that effect is further presented.

As a result of the research, a decision about substrate modifications was taken.
FEM simulation results and experimental data obtained during testing the modified
ENDORFINS devices are presented. The results compared with the results
of experiments performed on the standard ENDORFINS devices confirm the
hypothesis about the substrate charging.

11.2 Impact of the MOS structure

11.2.1 Introduction

The substrate is considered as a source of unwanted RF losses. The choice of the
material for RF applications is dictated by the need to reduce the losses. The
impact on the actuation of the MEMS beam has been, so far, neglected.

The model of the switch presented in section 10.8 is based on an assumption that
the silicon below the silicon dioxide can be considered conductive. Therefore, it
was replaced with a layer of metal in the model. However, the properties of silicon
in the Si-SiO2 system are well known. They are far from the properties of metal.

The metal bridge of the switch, the bottom actuation pad and the ground pads,
together with the silicon dioxide layer and the silicon substrate can create a
structure similar to the MOS (metal-oxide-semiconductor) device (Figure 11.1).
The presence of this type of structure is mirrored in a C-V characteristic measured
at a relatively lower, if compared to the ELT, frequency of the sensing signal.

11.2.2 1MHz C-V characteristics

Figure 11.2a shows a C- V characteristic of an ENDORFINS device on a HR-Si
wafer measured at 1MHz frequency of the sensing signal. It is distorted. The curve
is not symmetric anymore. The difference between the capacitance at negative and
positive voltages are not due to changes of the beam displacement.

Figure 11.2b shows another C-V characteristic measured after removing the beam.
The capacitance is measured between the bottom actuation pad and the grounded
back side of the wafer (Figure 11.2c). The obtained characteristic is a typical C-V
curve of a MOS diode. The drop of the capacitance observed at negative voltage
indicates charge depletion. Such a depletion at negative voltages is observed in
n-type silicon wafers.
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11.2.3 Influence of light

The presented C-V characteristics (Figure 11.2a and b) were measured with light
shining on the structures. However, the C-V characteristic measurement of a MOS
device should be performed in the darkness to avoid additional charge generation.
Figure 11.3 shows a comparison of the C-V curves of the MEMS and MOS devices
performed with the light on and off.

The difference in the shape of the C-V curves is a typical reaction of the MOS device
to light. The C-V characteristic of the MEMS switch is affected as well. However,
the pull-in and pull-out voltages seem not changed. That may indicate the fact
that the MOS structure below the metallization modifies the total capacitance of
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Figure 11.3: A comparison of the C-V characteristics (measured at 1MHz) of the
MEMS a) and MOS b) devices measured with the light on and off.

the device especially at low (1MHz) frequency. However, it is possible that the
effect occurs only below the metallization and the electric field actuating the beam
is not affected.

11.2.4 Summary

The substrate together with the metallization of the switch can create a MOS-like
structure below the switch. The C-V characteristic, mainly the capacitance of
the switch, is influenced by light in a similar way as the capacitance of a MOS
diode. However, the pull-in and pull-out voltage seem to remain unchanged. The
MOS structure underneath the MEMS device seems to have no influence on the
actuation of the beam. However, the next experiments show that there is some
influence occurring under specific testing conditions.

11.3 Impact on the dynamic properties

11.3.1 Introduction

The impact of the MOS structure on the MEMS device may be observed when
the properties of the MOS stack are modified. The eventual changes of the switch
response can indicate modifications of the electric field caused by the MOS structure.

The previous experiment, the C-V characteristic measurements, did not show a
significant impact on the Vpi and Vpo during the standard one-source actuation.

It seems that the highest impact can be observed when the MOS structure affects
the field in the slots between the bottom actuation pad and the ground pads.



Therefore, an additional experiment is proposed where the electric field in the slots
is dominant. The dual-common actuation method, introduced in section 10.12,
causes a generation of the electrostatic force only in the slots. The beam is actuated
only by the electric field in the slots. Therefore, any change of the electric field
distribution in the slots can have a higher impact on the actuation of the beam
than in the case of the standard biasing scheme.

The properties of the MOS structure can be modified by changing the level of light
shining on the structure.

11.3.2 Results

The ELT signal recorded during stressing the devices with the positive and negative
dual-common actuation method is presented in Figure 11.4.

The ELT signal Uout is presented as recorded. It represents the position of the
beam. A higher voltage is observed when the capacitance of the switch is low. That
occurs when the beam is in the up position. The lower Uout points to a higher
capacitance - the beam in the down position.

The actuation with the positive voltage is not modified. Both, the ELT and
displacement signals, show similar pull-in and pull-out transitions with and without
light (Figure 11.4a). However, the ELT signal indicates a lack of actuation during
stressing with the negative voltage (Figure 11.4b).

The C-V characteristic of the device presented in the previous section shows a
change under different light conditions. The switch is sensitive to light especially
when the negative voltage is used. The pull-in and pull-out voltages are not modified,
though. It is possible that the ELT signal is sensitive to the changes due to light,
even though the beam is still actuated. To verify the effect, the displacement of
the beam was monitored with the LDV (Laser Doppler Vibrometer).

The displacement of the beam is modified as well (Figure 11.4d). However, there is
a visible difference. The ELT signal indicates a lack of actuation and the recorded
displacement points to a change of the ton. The difference may be caused by the
presence of the laser light during the displacement measurements. The movement
measurements are performed with a laser beam. It cannot be switched off during
a measurement. The ELT signal observed during the displacement measurement
(Figure 11.4e) confirms the result. In both cases, a change of the pull-in transition
is observed.
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11.3.3 Discussion

The actuation of the beam requires agglomeration of opposite types of charge
on the bottom electrode and the beam. During the dual-common actuation, the
substrate plays the role of the bottom electrode. The actuation can occur when
charge is agglomerated close to the Si-SiO2 interface.

Application of the positive dual-common voltage attracts the negative charges
towards the Si-SiO2 interface (Figure 11.5a). The negative charges, electrons, are
majority carriers in the n-type silicon. As the number of free negative charges at
room temperature is already high, the additional negative charges generated by
light do not have a big impact.

Application of the negative dual-common voltage attracts the positive charges
towards the Si-SiO2 interface (Figure 11.5b). The positive charges, holes, are
minority carries in the n-type silicon. The light generation of electron-hole pairs
significantly increases the number of positive charges. The amount of positive
charge required for actuation can agglomerate much faster. Therefore, an impact
of light on the negative actuation is observed.



11.3.4 Summary

The presented impact of light on the dynamic properties of the switch were observed
under actuation using the dual-common actuation method. However, a similar
effect can be observed in the case of the standard one-source actuation of particular
devices. The design of the structure and the type of used material should be
adopted to avoid the mentioned problems.

11.4 Slot etching

11.4.1 Introduction

The results of the experiment presented in section 10.2 show that charging of the
interposer can be reduced by e.g. increasing its thickness. The thicker dielectric
layer reduced one of the observed mechanisms, interposer dielectric charging,
emphasizing the other one - substrate charging.

To study charging of the interposer dielectric, substrate charging should be
minimized. The reduced impact of the substrate and substrate charging on the C-V
characteristic allows highlighting the influence of the interposer dielectric charging.
Therefore, a structure with the standard interposer dielectric and a substrate of
reduced charging is needed.

The reduced charging of the interposer dielectric is observed as a reduction of
the positive Vs component observed during stressing the devices with a positive
actuation voltage. The higher amplitude of the negative shift component is
attributed to the substrate charging. Therefore, a reduced substrate charging
in the case of the standard 200nm AlN2 dielectric is expected to be observed as
mainly a positive voltage shift of the C-V characteristic. In addition, a lower change
of the pull-in voltage can be measured.

The easiest way of reducing the substrate charging is to remove one of the two
causes: the dielectric material or the electric field. The complete removal of the
substrate material is not possible as it is a mechanical carrier for the MEMS
devices. Replacing it with a conductive material, e.g. metal, is not possible as well.
The electric properties of the substrate material should not impede the RF signal
passing the switch. Therefore, dielectric or high resistive materials are usually used.
On top of that, the actuation pad and the beam must be isolated. Otherwise, the
actuation of the beam is not possible.

The electric field, generated by the actuation voltage, is required for the actuation
of the switch. It cannot be removed.



One way to reduce the impact of the substrate on the lifetime of the switches is to
decrease the sensitivity of the beam to the field generated/modified by the charge
trapped in the substrate. That can be probably done by a proper design of the
beam shape. E.g. narrower suspension beams cause a lower electrostatic force
generated above the substrate.

11.4.2 Slot etching

A possible solution reducing the substrate impact on the lifetime of the capacitive
RF MEMS switches has been proposed by the team working on the ENDORFINS
project: Ingrid De Wolf, Xavier Rottenberg, Piotr Czarnecki and Philippe Soussan
[457]. The idea is discussed in the following.

The silicon oxide present on the high-resistivity silicon wafer is expected to trap
most of the charge. The charge trapped in the SiO2 layer or at the Si-SiO2
interface layer below the beam can generate an additional force acting on the beam.
Therefore, an additional processing step to remove it from the exposed places has
been proposed. The silicon oxide is still present below the metallic parts isolating
them. Further reduction of the impact of the substrate can be probably achieved
by retracting the surface of the substrate away from the beam by removing the
silicon. A higher substrate-beam distance is supposed to reduce the electrostatic
force generated by the eventual trapped charge (Figure 11.6).

Figure 11.7 shows the results of FEM simulations of the electric field distribution
in the slots between the bottom actuation pad and the ground pads. Two cases
are compared: the standard with SiO2 layer and the new with SiO2 and 2µm of
silicon etched. The electric field generated by the actuation voltage penetrates less
into the slots in the etched-slots structure. That can reduce both charging of the
substrate and the impact of the trapped charge on the C-V characteristic. The
charge trapped close to the actuation pad should cause a lower voltage shift. The
charge trapped far from the bottom actuation pad that does not impact the field
created by the Uact will cause a lower narrowing of the C-V characteristic.

The results of FEM simulations of Fel-U curves show both a lower Vs and a lower
∆Wpi/2 in the etched-slots structure than in the standard one (Table 11.1).

11.4.3 Experimental results

The proposed ideas were implemented in the processing of additional wafers with
the ENDORFINS devices. The silicon oxide and 2µm of silicon were removed from
places not masked by the bottom actuation and ground pad metal layer. The
interposer dielectric layer is the standard 200nm AlN2.
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Table 11.1: The results of FEM simulations of structures with standard and etched
slots. Charge placed on the surface of the substrate in the slots.

standard slots etched slots
Vs ∆Wpi/2 Vs ∆Wpi/2

no charge 0.000V 0.000V 0.000 0.000
with charge -0.226V 0.376V -0.109V -0.186V

The new devices were tested using the idling-during-stressing method (see section
10.5.2). The devices were stressed using the one-source actuation voltage applied
to the bottom actuation pad. Both polarities, various amplitude and the standard
100Hz frequency and 50% d.c. were used. The devices were stressed for 1000 cycles
and un-actuated for 20s to allow the ”fast” charges to de-trap. The experiments
were performed in N2, 1bar atmosphere at 25◦C. The C-V characteristic was
measured before and after every stressing-idling cycle. The positive and negative
pull-in voltages were extracted and the voltage shift and pull-in window change were
calculated. A comparison of the obtained results with the data obtained during
stressing the 500nm AlN2 structures with the standard substrate is presented in
Figure 11.8.

In both cases, positive and negative stressing, lower Vs and ∆Wpi/2 are observed
in spite of the thinner interposer dielectric layer. The positive actuation causes a
shift of only one polarity. That points to one dominant mechanism. The sign of
the Vs is opposite to the one observed during stressing of the 500nm AlN2 devices.

A comparison of two devices with etched and standard slots with the same thickness
of the interposer dielectric would an obvious choice. Unfortunately, only 200nm
AlN2 with etched slots and 500nm AlN2 with standard slots devices were available.
However, these two types of devices emphasizes the influence of the etched slots.

11.4.4 Discussion and summary

The presented results show that the removal of the SiO2 layer and a part of the
silicon substrate can reduce the impact of the substrate on the C-V characteristic
of the switches. Both voltage shift and pull-in window narrowing are significantly
reduced.

The lower Vs can indicate a reduction of one charging mechanism or a presence of
two competing mechanisms. However, the lower ∆Wpi/2 points to the presence of
one dominant mechanism. Therefore, lower Vs and ∆Wpi/2 indicate a significant
reduction of one of the mechanisms - probably the substrate charging.

The negative actuation voltage causes a voltage shift of the sign opposite to the
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one observed during stressing the 500nm AlN2 devices. The origin is not clear.
The interposer dielectric is expected to trap only one type of charges independently
on the polarity of the actuation voltage. A slightly higher ∆Wpi/2 points to either
an additional mechanism or substrate charging. It is possible that the slot etching
reduced only one charging mechanism and revealed another one. That requires a
further study. One of the possibilities would be to test devices fabricated on an
n-type silicon wafer with different doping levels.

The sign of the voltage shift during stressing with the positive actuation voltages
corresponds to the shift attributed to the interposer dielectric charging. It is the
same component that disappeared after introducing the thicker dielectric layer. A
very low change of the pull-in window indicates the interposer dielectric charging
rather than the substrate.

11.5 Discussion

The results presented in the previous section show lower changes of the Vs and
∆Wpi/2 of the slots-etched structures even though the thickness of the interposer
dielectric is much lower than in the 500nm AlN2 devices. That points to a reduction
of the impact of the charge trapped in the substrate or lower charge trapping in
the substrate.

The slots etching reduced significantly the voltage shift recorded during stressing
the devices. It has been presented in the previous sections that the charge trapped
in the substrate can cause a voltage shift of the C-V characteristic. However, it
was accompanied with a large change of the pull-in window. Now, the Vs that was
higher than the ∆Wpi/2 disappears.

It seems that the substrate can cause a voltage shift that is higher than the
narrowing of the C-V characteristic. Therefore, both the substrate charging and
the interposer dielectric charging can cause a voltage shift of the C-V curve. Both
can be misinterpreted.

The results presented in this chapter show that the electric properties of the
substrate have a big impact on the MEMS device fabricated on top. The substrate
cannot be considered only as a mechanical carrier. The low RF loss is not the
only electrical parameter that needs to be taken into account during a substrate
material choice.

The substrate is a part of the device that has a significant impact on its actuation
properties.

It has been shown that the electric field distribution in the substrate can be affected
by charge trapped or migrating in the substrate. That can result in modifications



of the C-V characteristic of the switch leading to a lifetime drop.

As an example, an experiment showing a change of the dynamic properties of the
devices exposed to light is presented. The change of the electrical properties of
the substrate may result in changes of the properties of the MEMS devices. These
changes can be recognized as a failure in some specific applications.

Based on the presented experiments, a method to reduce the impact of the substrate
has been proposed. The removal of a part of the substrate material was expected
to improve the lifetime of the devices. The presented experimental data confirmed
that the substrate has a big impact on the device.

The results of the experiments performed on the slots-etched devices show
considerable changes in the evolution of the C-V characteristic during stressing. A
Vs of opposite sign and lower magnitude and lower a ∆Wpi/2 point to a reduction
of the impact of the substrate.

The lower C-V voltage shift is the most interesting point. The voltage shift has
been attributed to the interposer dielectric charging. However, a large voltage shift
component disappeared after the substrate modifications. The charge trapped in the
substrate may cause a similar effect on the C-V characteristic as the charge trapped
in the interposer dielectric. In both cases a voltage shift higher than the narrowing
of the pull-in window can be observed. That may lead to a misinterpretation of
the obtained results.

11.5.1 Substrate charging and its impact - a possible explanation

Because of their insulating and RF properties, dielectric and semi-conductive
materials are chosen for the substrate of MEMS devices. Especially the high-
resistivity oxidized silicon is commonly used as a material that provides a high
quality surface and is CMOS fab compatible. However, both types of materials
allow the electric field to penetrate their volume. The electric field penetrating the
substrate can cause charge trapping and be further modified leading to modifications
of the C-V characteristic.

A very schematic explanation of the impact of the substrate on the C-V
characteristic is presented in Figure 11.9. The left side of each graph corresponds to
the negative (”-”) and the right side to the positive (”+”) polarity of the actuation
voltage. The back side of the substrate is grounded. The distribution of the
electric field generated by the actuation voltage is represented with field lines. The
thickness of the lines symbolizes the magnitude of the field.

With no charge trapped, both polarities of the actuation voltage applied to the
bottom actuation pad generate electric field with a similar distribution (Figure
11.9a). It is not important whether the field is uniformly distributed or not. The



electrostatic force is equal and the C-V characteristic is symmetric (Figure 11.9c).
The strongest electric field is present close to the bottom actuation pad (thick
lines). It may cause local trapping of e.g. negative charges (Figure 11.9b). As
a result, the electric field is enhanced (left) or reduced (right). The electrostatic
force is different for both polarities. I.e. the positive and negative pull-in voltages
are different. The voltage shift of the C-V curve is observed (Figure 11.9f). The
trapped charges modify only a part of the field generated by the actuation voltage
(Figure 11.9e). Therefore, narrowing of the C-V characteristic may be observed
(Figure 11.9g). On top of that, the distribution of the electric field in the vicinity of
the trapped charges (thinner lines) can be modified. That can result in additional
narrowing of the C-V characteristic.

11.5.2 Underneath the bottom actuation pad

The charge trapped below the bottom actuation pad has been so far considered
shielded by the metallic pad. No impact on the electrostatic force generated by the
actuation voltage is expected. However, the charge may impact the electric field
and/or free charge in the substrate (Figure 11.10). As a result, the field between
the beam and the surface of the substrate in the slots can be affected. Therefore,
indirectly, it may impact the electrostatic force acting on the beam.

11.5.3 Summary

The substrate and substrate charging may have a big impact on the lifetime of
the capacitive RF MEMS switches. It has been shown that the substrate charging
may have a similar impact on the C-V characteristic as the interposer dielectric
charging. Therefore, both may be mixed-up.

It is clear that a reduction of the substrate impact is required. A complete
removal of the substrate is not possible as the MEMS structure needs a mechanical
support. The proposed partial removal of the substrate material in the slots is
one of the possible solutions. The obtained results show an improvement. The
experiments show that minimizing the electric field in the substrate/slots is a good
idea. Therefore, a further development is required. A use of a fully metallic and
grounded substrate is not possible. The signal line and the ground pads need
electrical isolation. Shielding, at least partial, of the substrate material in the slots
would be a possibility (Figure 11.11a).

The oxidized high-resistivity silicon (HR-Si) substrates are used because of the
acceptable resistivity that defines the RF loss. However, it seems that lower
levels of resistivity would be better from the charging point of view. Therefore, a
compromise must be found there.
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Figure 11.9: The field in the substrate can generate the electrostatic force actuating
the beam a and c). The same field can cause local trapping of charges b). The
charges can enhance or reduce the strength of the field depending on the polarity of
the applied actuation voltage d) causing a voltage shift of the C-V characteristic f).
In the same time, the distribution of the electric field in the vicinity of the trapped
charges can be distorted d) leading to additional narrowing of the C-V curve g).
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may indirectly impact the electrostatic force actuating the beam.

a) b)

gnd

gnd - +

Figure 11.11: Possible ways to reduce the impact of the substrate and substrate
charging: shielding the substrate material is the slots a) and thinner suspension
beams b).

Another group of possibilities is related to the design of the switch. The structure,
the beam especially, can be made less sensitive to the impact of the substrate. A
proper design of the shape of the beam may reduce the impact of the field in the
substrate. E.g. thinner suspension beams located in a place where the impact of
the electric field is lower (Figure 11.11b).

Retracting the beam further from the substrate by increasing the thickness of the
signal line and ground pads is another possibility 11.12.
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Figure 11.12: Retracting the beam further from the substrate by increasing the
thickness of the signal line and ground pads is another possible way of reducing
the impact of the substrate on the lifetime of the capacitive RF MEMS switches.



Chapter 12

Summary, conclusions and
future work

12.1 Summary

The focus of the work presented in this document was on the physics and reliability
of the RF MEMS devices. As a representative the electrostatically driven capacitive
RF MEMS switch was chosen. The main goal was a better understanding of the
physics of failure. The obtained observations and conclusions were expected to
help designers and technologists to develop a reliable capacitive RF MEMS switch.

The by Goldsmith presented electrostatically driven capacitive RF MEMS switch
is one of the members of the RF MEMS devices family. The promising properties
of the switch caused many research centers to spent effort in development of this
type of devices. However, the commercialization of the devices is/was hampered by
poor reliability with charging recognized as the main failure mechanism. The first
reliability studies pointed to charge trapping in the interposer dielectric governed by
the Poole-Frenkel conduction mechanism. A number of reliability models based on
the mechanism were proposed. A remedy for the charging problem was presented
as well.

Most of the work done during the first phase of this thesis was done in frames of
mainly three projects: MEMS2TUNE, MIPA and RETINA. A very limited number
of devices were available. The goal of the first experiments was to verify whether
the failure mechanism of the available devices was similar to the one described in
literature. The obtained results pointed indeed to Poole-Frenkel conduction as a
possible failure mechanism. A verification of the by Goldsmith proposed remedy,
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bipolar actuation voltages, showed only a slight improvement.

Besides that, an impact of the gas breakdown and/or electron emission on the
lifetime of the switches was observed. The relation between the lifetime of the
electrostatically driven capacitive RF MEMS switches and ambient gas pressure
has never been presented before.

Most of the work presented in the next part was done in the frame of the
ESA/ESTEC ENDORFINS project starting with an FMEA study. A number
of possible failure mechanisms were listed and the one with the highest priority,
charging, was determined. It was chosen for a more detailed study.

An opportunity of designing a set of dedicated test structures was given. Based
on the experience gained during the first part, a number of devices were proposed.
The design consisted of not fully functional, yet, representative from the charging
point of view, electrostatically driven switchable capacitors. The design assured
the compatibility with the available and further improved testing equipment (ELT).
A number of dedicated test structures to study the impact of the environment were
also foreseen. However, the structures could not be used due to processing issues.
Still, a relatively large number of identical test structures allowed performing
experiments under a large variety of testing conditions.

The first phase of the second part consisted of comparing a number of interposer
dielectric candidates. A number of simplified wafers were fabricated and tested.
Two best candidates, AlN1 and AlN2, were chosen for further investigation. The
following experiments were performed on fully processed test structures.

The lifetime experiments performed using various magnitudes of the actuation
voltage amplitude and both, positive and negative, polarities, showed a disagreement
with the model based on the Poole-Frenkel conduction mechanism. The unusual
behavior pointed to more than one charging mechanism present in the capacitive
RF MEMS switches. Substrate charging was identified besides the interposer
dielectric charging.

The impact of the substrate was first studied with devices fabricated on two different
types of substrate material: AF-45 glass and oxidized high-resistivity silicon.
The different sensitivity of both materials to various environmental conditions is
presented.

The AF45 glass substrate traps more charge than the HR-Si substrate. Stressing of
the devices with an actuation voltage below the Vpi revealed a significant difference
in charging properties of the two types of substrates. As, in that case, the beam
was not in contact with the interposer dielectric, the observed effects are mainly
due to substrate charging. The C-V characteristic of the devices fabricated on the
glass substrate narrowed significantly. At the same time the change of the C-V
curve of the devices fabricated on the HR-Si substrate was minor. The difference



is more visible when the experiments are performed in humid air. Only 4 minutes
of stressing an AF45 device is enough to the pull-in occurrence. The HR-Si devices
pulled-in after more than 4 hours.

Once the two charging mechanisms were observed, the study of each of them
became easier. The focus of the next experiments was on separating and localizing
the mechanisms. Since the functionality of the presented in literature technique
based on EFM (Electrostatic Force Microscopy) is limited, a number of different
testing techniques were introduced. The main advantage of these techniques is
that they are non-invasive as they are based on various combinations of stressing
and C-V characteristic measurements. Charge observation can be done during or
immediately after stressing. There is no problem with dwell time that may cause
lost of important information.

Application of the actuation voltage(s) to bottom actuation electrode and/or to
the beam allows stressing both dielectrics (substrate and interposer dielectric) with
different electric field components simultaneously. Thanks to that an unambiguous
identification of the mechanisms was possible. During one of the experiments the
interposer dielectric was stressed with an alternating electric field equivalent to a
bipolar actuation. In the same time the substrate was exposed to only positive
or negative actuation voltage. The obtained results were different than expected,
yet, were very consistent. The observed voltage shift and C-V narrowing pointed
to charge trapped in the interposer dielectric. However, the fact that the sign of
the voltage shift was related to the polarity of the component actuation waveforms
indicated that the charge can be trapped only in the substrate. The charge trapped
in the interposer dielectric could not depend on the polarity of the component
actuation voltages.

Based on the obtained results, an improvement in the switch was proposed. A
modification of the substrate allows reducing two factors: Charge trapping in the
substrate and the sensitivity of the beam to charge trapped in the substrate. The
last presented experiment, consisting of testing devices with a modified HR-Si
substrate, showed that the impact of the substrate and substrate charging is higher
than anticipated. It definitely cannot be neglected.

In addition, the C-V characteristic of the device can be modified in similar ways by
both interposer dielectric and substrate charging. Therefore, both may be confused.
The charge trapped in the substrate can be incorrectly recognized as trapped in
the interposer dielectric and vice versa.

There is no mathematical reliability model presented. As the charging properties of
the switches depend on the design and used materials, a proposition of one universal
model is pointless. A very often asked comparison of the obtained results with
the models presented in literature is meaningless as well. The used ENDORFINS
structures seem to suffer mainly from the substrate charging whereas most of
the models describe the impact of the interposer dielectric charging. The models



themselves may need verification as well. They are based on an assumption that
the only change of the C-V characteristic can be caused by charge trapped in the
interposer dielectric and that the impact is directly proportional to the amount of
trapped charge.

12.2 Main achievements

• Improvement of the ELT (Electronic Lifetime Test) setup,

• Observation of gas pressure impact on the lifetime of the capacitive RF
MEMS switches.

• Observation of more than one charging mechanism limiting the lifetime.

• Observation of impact of the substrate on the lifetime.

• New testing techniques for non-invasive isolation and localisation of charge
trapped in the switches.

• Proposal of modifications reducing sensitivity of the switches on the impact
of substrate.

12.3 Conclusions

The presented results show that the interposer dielectric is not the only place to
trap charges. The substrate that is also a type of dielectric, can trap charges and
impact the reliability of the electrostatically driven capacitive RF MEMS switches.
The substrate charging was not considered as a possible failure cause so far.

The impact of a substrate/carrier on the parameters of the devices in the macro
world is usually neglected. E.g. the resistance of a PCB substrate is usually high
enough to be ignored in most of the electronic circuits. On the other hand, in the
semiconductor technology, the substrate (Si, GaAs, etc.) is, in fact, the active part
of the device. Therefore, the impact is very well understood.

In MEMS technology, the role of the substrate is considered only as a mechanical
carrier. In the case of the parallel plate actuators, the substrate may impact
only the fringing field that creates only a small fraction of the electrostatic field.
Therefore, it has been considered not important. However, as has been shown in
this thesis, it may cause reliability issues.

The capacitive RF MEMS switches are usually presented as two parallel electrodes
of the same size. One of the electrodes is mechanically fixed in empty space. The



other electrode is suspended with a spring above the first one. The substrate is
not represented at all. Therefore, the only possible place for the observed charge
trapping is the interposer dielectric. The theoretical models describing the impact
of the charge trapped in that place fit, up to certain extend, measurements results.
However, the simple parallel-plate model influences the measurements as well. The
impact of the trapped charge is often represented as changes of only one, positive or
negative, pull-in voltage. I.e. the pull-in is considered directly proportional to the
amount of charge trapped in the interposer dielectric. The by Rottenberg presented
influence of the non-uniform charge distribution is not taken into account.

The impact of both, the interposer dielectric and substrate charging, depends on
the used materials and the design of the structures. It is possible that one is covered
by the other one. E.g. the sign of the voltage shift components generated by the
two is the same. That makes the discrimination more difficult or even impossible.

The impact of the substrate charging depends on the design of the switch, mainly
the beam, as well. It can be either dominating or invisible in some cases. However,
the later is less likely.

The influence of the substrate is visible under certain testing conditions. It has
been shown that the impact of the substrate charging on the C-V characteristic
may be similar to the influence of the interposer dielectric charging. If one of the
mechanisms is dominant, then observation of the second one is more difficult.

12.4 Proposals

The charging (e.g. charge trapping) and its impact on the lifetime of the switch
will probably always take place. As long as a dielectric material is placed in an
electric field, charging will occur. A use of less sensitive materials is an option.
However, it is probably easier to design the devices in a way to minimize the impact
of charging on the lifetime. A proper design may minimize the sensitivity of the
MEMS movable part to the changes of the electric field in its vicinity.

One suggestion is presented in section 11.5.3. The structure can be made less
sensitive to the charge trapped in the substrate by a proper beam design. However,
there are more possibilities.

The EOL is of the capacitive RF MEMS switch is observed when one of the pull-out
voltage crosses the 0V point. I.e. the charge trapped in the switch generates
an electrostatic force high enough to keep the beam in the bottom position even
with the external actuation voltage off. If the pull-out voltage is designed much
higher, then it is possible that the charge trapped saturates at a level below the
critical value. The idea is proved by the results presented by Ekkels et al. [458].
The presented devices exhibit relatively high Vpo. After the stressing, the pull-out
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Figure 12.1: The results of stressing a device with a high pull-out voltage. The
structure traps charge indicated by the narrowing of the C-V characteristic. The
change of the pull-out window is about 30V. Still, the pull-out voltages are higher
than 20V. Test conditions: 25◦C, ambient air, light on.

voltage changes more than 10V. Still, it is higher than 20V. Figure 12.1 shows the
observed evolution of the C-V characteristic.

A device was stressed with a DC voltage of 50V in ambient air. The stressing was
stopped after a time corresponding to the down-time of 2 · 108 cycles. The pull-out
voltages seem to saturate. It is possible that they would not change much more
even after a much longer stressing period. Even though the charge trapped in the
structure is relatively high, the structure survives. I.e. there is enough room for
charge to trap.

The pull-out voltage is directly linked to the Cdown and Cup/Cdown ration. The
thickness of the interposer dielectric is one of the factors. It is obvious that by
increasing the thickness of the interposer dielectric the charging of the dielectric
can be reduced and the pull-out voltage increased. In the same time the Cdown

and Cup/Cdown degrade. Therefore, an optimum should be found.

The proposal of the bipolar actuation voltage as a remedy for the charging problems
may work as long as all the charging mechanisms are of the same nature. I.e. all
the charging mechanisms should cause trapping of only one type of charge and
preferably release the charge e.g. under stressing with the opposite polarity of the
actuation voltage.

12.5 Future work

This work covers only a very narrow range of the reliability and charging related
issues. There are still a lot of aspects that require verification or further study. One
of the examples would be testing devices fabricated on HR-Si substrates of different



types and dielectrics trapping different types of charge. That may help finding
materials that can trap and de-trap charge under similar conditions. Therefore,
the use of the bipolar or intelligent actuation waveforms improving the lifetime
would be possible [459].

The next issue that may have a big impact on the charging properties of the devices
is the packaging. The impact of packaging has not been studied in the frame of
this work.

It has been shown that the packaging of the MEMS devices is a must. The devices
are sensitive to the environment and require protection. However, the package
may impact the distribution of the electric field around the switch. Therefore,
it may influence the lifetime of the device inside the package. The hermeticity
should not be the only factor determining the properties of the package. The
packaging, together with the substrate, should create a Faraday cage around the
MEMS device.
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