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1.1 Introduction

Measuring radio frequency (RF) power is an important technique in many
applications, ranging from wireless personal communication systems, to radar and
satellite communications [1]. Especially telecommunication systems require a low
weight, volume and power consumption and a high level of integration with
electronics. It is expected that RF MEMS devices will be able to improve these
characteristics. Up to now, RF power sensing is done mainly by thermistors,
diodes and thermocouples [2-3]. These power sensors are used as terminating
devices and therefore they dissipate the complete incoming signal. The research
presented in this thesis is focused on exploring a new philosophy to sense in-line
RF power in a way that the signal is not lost during RF operation: the ‘through’
mode of sensing. Such a ‘through sensor’ was first proposed by Seppé [4] and the
realization of such a sensor was one of the aims of the EU project EMMA (Electro
Mechanical Microcomponents for precision Applications) [5]. The research which
resulted in this thesis was performed in the context of this project.
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1.2 State of the art of RF power sensors

Basically an RF power sensor needs to convert microwave power into a quantity
which is easy to measure. Nowadays, three different kinds of RF power sensors
are usually distinguished:

a) Thermistors

b) Thermocouples

c) Diodes

Thermistors

Thermistors are used in the field of RF sensors in a way similar to bolometers.
That is, the RF signal is converted into heat by dissipating it in a resistor and the
resulting change of temperature is measured. The electrical resistance of a
thermistor is directly dependent on temperature and therefore a thermistor can be
used both as the dissipating resistor and as temperature sensor. In fact, the RF
power is converted into a change of electrical resistance, which is much easier to
measure.

In RF power measurement applications, a thermistor consists of an element with a
semi-conductor behavior (often a metallic oxide), with a negative temperature
resistivity coefficient, a = (1/R)(dR/dT), is negative. In order to obtain an accurate
measurement, a very good matching between the transmission line (which carries
the RF signal) and the absorbing load is needed, since all the power has to be
dissipated in the load.

However, thermistor characteristics of resistance as a function of power are highly
non-linear, and vary considerably from one thermistor to another. To solve this
problem, DC or AC low frequency bias is used to maintain the resistance of the
thermistor constant. As RF power is dissipated in the thermistor, tending to lower
R, the bias power is withdrawn by an equal amount to keep R at the same value.
The required decrease in bias power is exactly the same as the dissipated RF
power.

Nowadays, companies like EMC Technology Inc., Gigatronics or Dorado
International Corporation offer a variety of RF power sensors based on
thermistors. Their frequency range may extend from 200 MHz to 6 GHz, and the
dynamic range from -10 dBm to +30 dBm.

Thermocouples

The operation principle of the thermocouples is based on the Seebeck effect: a
voltage appears when there is a temperature gradient in a closed circuit created by
different metals.

A simple way to explain the physics involved is illustrated by Figure 1. This figure
shows a long metal rod that is heated at the left end. As a consequence of the heat,
many electrons get enough energy to become free from the atoms to which they
belong. The resulting increased density of free electrons at the left causes diffusion
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Chapter 1: General introduction

towards the right, while positive charges are fixed since they are locked into the
metallic structure. However, the positive charges created at the left side of the rod
attract the migrated electrons. Equilibrium is reached when these two opposite
forces are in balance. As a result, an electric field is created in the metal, which
gives a voltage difference called Thomson electromotive force (emf).

E [
POD -
Bond %,%%7 T -
ons | 5 - ,
Diffused
e electrons

Figure 1: Illlustration of the Thomson effect on metals.

The same principle can be applied at the junction of different metals with different
free electron densities. The name of this phenomenon is the Peltier effect. Figure 2
illustrates a typical thermocouple created by the junction of two different metals.
As can be observed, by placing a voltmeter at the cold side of the metals, the
Thomson emf (V4, V,) and Peltier emf (V) effects are used to produce the net
thermoelectric voltage (V). The total effect is also known as the Seebeck emf.

Figure 2: Hlustration of the Seebeck effect used in thermocouple based RF power
Sensors.

There are many commercially available thermocouple-based RF power sensors

(Agilent, Anritsu Ltd., Boonton Electronics Corporation, Oritel, Dorado

International Corporation, Gigatronics, Rohde & Schwarz, etc.). Thermocouple

RF power sensors have a wider dynamic range than thermistors, typically from -30

dBm to +20 dBm, and their frequency range may extend up to 20 GHz.

Diodes

Diodes can be used for direct RF power detection when they are operated in their
square law region [2]. In this way, the DC voltage obtained is simply proportional
to the RF power level of the signal. Of course we have to use a special RF diode
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that is fast enough, has very little capacitance and is housed in a very small
package to keep the series inductance as small as possible. For that reason,
Schottky diodes are used exclusively as RF power sensors.

For a typical packaged diode, the square-law detection region exists from the noise
level (typically -70 dBm) up to approximately -20 dBm. For measuring up to +20
dBm, two solutions are proposed. The first one consists of placing an attenuatior
before the diode. Nevertheless, this reduces the accuracy of the measurement. The
second one is based on correcting the measured signal by calibrating the diode and
using digital signal processing circuitry. However, this results in a very complex
and expensive device. The frequency range of diode RF power sensors can be
from 10 MHz up to 18 GHz.

Diodes are the most widely used commercially available RF power sensors. Some
examples are Agilent, Anritsu Ltd., Boonton Electronics Corporation, Oritel,
Dorado International Corporation, Gigatronics, Rohde & Schwarz, or Wandel &
Goltermann.

1.3 Motivation

As mentioned before, detecting radio frequency (RF) power is an important
technique in many applications, ranging from wireless personal communication
systems, to radar and satellite communications [1]. Although various techniques as
presented in the previous section are available, it is expected that a MEMS device
could result in a smaller sensor with lower weight, lower power consumption and
much lower RF losses. In fact, the thermistors, thermocouples and diodes
discussed in the previous section are basically terminating devices, i.e. the sensed
RF power is completely dissipated in the sensor. The only way to realize a
‘through’ sensor with these devices is to use a power splitter and feed a certain
fraction of the total signal power to the sensor. Nevertheless, not only part of the
signal is inevitably lost, but frequency range and insertion loss of the complete
system is heavily limited by the splitter performance. The MEMS power sensors
presented in this thesis are based on a completely different measurement principle,
namely the measurement of the attractive force between the two plates of a
charged capacitor, where one of the plates is moveable. When a voltage difference
is applied to the plates, the electrostatic force will pull the moveable plate towards
the fixed plate. When an ac voltage is applied, this will result in a time dependent,
but always attractive, electrical force. For frequencies well above the mechanical
resonance frequency, only the average force is important, which is proportional to
the square of the rms voltage amplitude. Thus, by sensing the displacement of the
moveable capacitor plate or by sensing the force needed to keep the plate in its
initial position, the square of the rms voltage amplitude of the ac signal can be
obtained. Using this measurement principle a true ‘through’ sensor can be realized
with very low RF losses. The principle has already been exploited to realize
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micromechanical rms-to-dc converters [6-9], however no attempt was made to
exploit the principle for signals in the GHz range. In this case, the sensor design
becomes more challenging, because one of the capacitor electrodes has to be
inserted in a high-frequency transmission line, and careful study of the RF signal
response is needed since changes in the impedance of the line will result in
reflection losses. Furthermore, the currents running in the transmission line will
introduce an extra magnetic force, which opposes the electric force®.

1.4 Technological challenges and scientific questions

It is very important to understand how the RF signal is affected by the insertion of
the capacitive sensor itself. Furthermore, a careful study of the RF signal behavior
is needed in order to create a place on the transmission line where the magnetic
force doesn’t oppose the electric force without inducing relevant mismatch losses.

The realization of a capacitive power sensor for RF signals with negligible
insertion losses represents a challenge from the design point of view. On one hand,
the capacitance introduced by the sensor should be as small as possible in order to
minimize the impedance on the transmission line and minimize reflection losses.
But on the other hand, the sensitivity of the sensor is directly proportional to the
capacitance value introduced by the sensor. Therefore, a careful study of the
sensor design is needed in order to try to solve the trade off between sensitivity
and bandwidth.

We will see how RF dedicated glass wafers will be required in order to minimize
insertion losses and meet the specifications required by the EMMA project
(Apendix A). Therefore, a fabrication process based on surface micromachining is
needed where low spring constant movable capacitors should be possible to realize
with the use of no high temperature steps.

In order to reach the sensitivity requirements mentioned by the EMMA project
(Apendix A), special care needs to be taken with respect to the capacitive read out
electronics. The optimum situation corresponds to the case where CMOS
electronics are place next to the sensor. Nevertheless, this is totally unpractical due
to the enormous amount of losses introduced by CMOS substrate. The possibility
of transform a CMOS wafer into a suitable substrate for RF signals will not only
optimize the capacitive read-out by CMOS, but also would allow the use of high
temperature steps during the fabrication of the sensor.

! In fact, as will be explained in Section 2.2.4, some losses are inevitable since in a perfect lossless
transmission line the electric force is exactly compensated by the magnetic force and there is no net
resulting force that can be measured.
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1.5 Thesis outline

The research results obtained in this thesis are presented in 7 chapters. The basic
theory for RF signals is presented at the beginning of Chapter 2. Then, the analysis
of the forces and the force balance in a transmission line are studied. The
operation principle and basic design for a capacitive RF MEMS power sensor are
then presented. The presence of inevitable trade-off between sensitivity and
bandwidth is discussed, and a solution to release such a trade-off based on the
redesign of the transmission line proposed. Finally, the study of theoretical
limitations of the sensor results in an ultimate RF power resolution level in the
order of nanoWatt.

In Chapter 3, the design of the transmission line used as support for the RF signal
is presented and discussed. Furthermore, two different RF power sensor designs
based on the fabrication of a free standing “bridge’ on top of the transmission line
(grounded and floating bridge) are proposed in this chapter. The theoretical
frequency performance of the different RF power sensors are calculated by
modeling the sensor to a shunt capacitor. Results show that a power sensor which
introduces less than 80 fF to the transmission line should fulfill the target
specifications up to 4 GHz requested by the EMMA project (Apendix A). The
sensitivity of the RF power sensors are calculated by estimating the spring
constant of the ‘bridge’. A strong dependence between stress on the structural
layer of the “bridge’ and sensitivity of the sensor is observed.

Chapter 4 will show in detail the different fabrication flows used for the
realization of the two different RF MEMS power sensors presented in chapter 3
(grounded and floating bridge). Aluminum surface micromachining on top of a
glass substrate with photoresist as a sacrificial layer is used for the fabrication of
the sensors. Aluminum was chosen because of its good electrical and mechanical
properties since very small displacements are required (nm range), RF dedicated
glass substrates because of their good RF performance, and photoresist because of
its round edges ensuring mechanical stability of the aluminum “bridge’. Successful
fabrication results of 300 um long grounded ‘bridge’ power sensors are reported.
Nevertheless, a pattern is observed on the ‘bridge’ due to the presence of the
transmission lines underneath. This pattern could cause physical connection
between the bridge and the transmission line for longer ‘bridge’ dimensions.
Therefore, a new fabrication flow, where the transmission lines are embedded into
the substrate, is used for the fabrication of the ‘floating’ bridge power sensors. The
successful fabrication of very flat (within 200 nm) and 900 um long ‘bridges’ is
reported.

In Chapter 5, the measurement results obtained on the different RF MEMS power
sensors are presented and discussed. Measurement of the S-parameters for the
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grounded ‘bridge’ sensors reveal a very good agreement with respect to the
expected behavior presented in chapter 3. For the case of the floating ‘bridge’,
lower gap between the ‘bridge’ and the transmission line is observed (600 nm),
resulting in higher reflection losses than expected. Nevertheless, measurement
obtained from the sensors where the transmission line was redesigned in order to
increase the bandwidth resulted on an improvement of the RF performance. As a
result, very successful reflection (<-30 dB) and insertion losses (<0.14 dB) are
obtained up to 4 GHz. The power detection of an RF signal using a capacitive
MEMS sensor is reported for the first time. Sensitivity in agreement with the
expectations presented in chapter 3 is found, being 100.5 fF/Watt for the
3600x300 um grounded sensor, and 91.48 and 180.58 fF/W for the 110x900 and
220x900 um floating sensor respectively. As expected, the floating sensors
resulted in a better resolution (mWatt).

In Chapter 6, a new process technology which allows the fabrication of an RF
MEMS sensor on low-resistivity silicon wafers without the high losses associated
with such a substrate is presented. It consists in the local replacement of the silicon
substrate by silicon-rich silicon nitride (SiRN), which has very good RF
properties. It is realized by the etching of deep trenches on the substrate and
refilling these trenches by LPCVD SiRN. As a result, alternating plates of SiRN
and monocrystalline Si are obtained. Improvement of the RF performance was
obtained by increasing the SiRN plate width, and varying orientation of the plates.
As a result, 0.7 dB/mm insertion loss is measured at 4 GHz on a 1 um thick
transmission line placed on top, which represent a large improvement in
comparison to the 3.5 dB/mm measured for the case of low-resistivity silicon
substrate. A complete replacement of the silicon substrate can be realized by
etching the remaining silicon in between the SiRN plates, and refilling the cavities
with LPCVD SiRN. S-parameters measurements report further improvement of
the RF characteristics (0.2 dB/mm at 4 GHz), reaching very similar performances
to dedicated glass substrates (0.1 dB/mm at 4 GHz).

Chapter 7 presents general conclusions and gives recommendations for future
work.
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2.1 Introduction

In this chapter, all basic theory involved in the realization of an RF power sensor
based on MEMS will be presented. First, the theory needed to deduce and define
the most relevant phenomena and parameters which describe an electromagnetic
wave traveling through a transmission line will be introduced. This theory can also
be found in many textbooks (e.g. [1]) and it is summarized here for those who are
not familiar with RF design. Readers familiar with the theory of electrodynamics
and transmission lines may want to go directly to Section 2.2.2, where the forces
present on a matched transmission line are discussed. Next, in Section 2.3 the
basic structure and operation principle of an RF-MEMS power sensor will be
presented. In this way, all theoretical aspects and limitations regarding the
development of an RF power sensor based on MEMS technology are covered.
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2.2 Electromagnetic wave on a transmission line

2.2.1 Basic theory

We can define a high frequency transmission line as the path design to carry
electromagnetic waves whose wavelengths are shorter or comparable to the length
of the line. In order to introduce the transmission line concept lets consider an
electromagnetic wave propagating in the z-direction and having an X-component
only of the electric field and a y-component only of the magnetic field, which is

E=E(z1)%

R 1
H=H,(zt)y M

between two parallel, perfect conductors as shown in Figure 2.1.

5 A
JS—Hyz‘

x=0 + + + + + + + + + + + + + + p=¢E,

HXXXXXXXXXXXXXX 3} /Z\

vl v,

XXXXXXXXXXXXXX—»X
E

Figure 2.1: Uniform plane electromagnetic wave propagating between two perfectly
conducting sheets supported by charges and current on the sheets.

Since the conducting sheets are made of perfect conductors, the electric field is
completely normal and the magnetic field is completely tangential to the sheets,
and the wave will propagate as if the sheets were not present, being guided by the
sheets. We now have a simple example of a transmission line, namely the parallel-
plate transmission line. Let’s assume that the medium between the plates is a
perfect dielectric so that the waves propagate without attenuation and the line is
lossless.

Because of the presence of the traveling electromagnetic waves, charges and
currents are induced at the surface of the conductors. The charge densities, ps, on
the two plates can be calculated applying boundary conditions, resulting:

' )
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where ¢ is the permittivity of the medium between the two plates, and A is a
unitary vector normal to the metal sheets surface. In the same way, the current
densities on the two plates can be expressed as:

' 3)

The charge and current densities are functions of z and t, as are E, and Hy. Thus,
the wave propagation along the transmission line is supported by charges and
currents on the plates, varying with time and distance along the line.

Let’s consider now finitely sized plates having width w in the y-direction, as
shown in Figure 2.2(a), and neglect fringing of the fields at the edges or assume
that the structure is part of a much larger-sized configuration.

S x=0
/
/
’
Transverse
plane
x=d
(a)
—
Js
X=0) © o o o o o o o o © o o o ©
—
»H
A AN
> 7z y
— >
N\
EV vV v Vv vV vV v v v vV v Y vV Vv X
x=d X X X X X X X X X X X X X X
—
(b) JS

Figure 2.2: (a) Parallel-plate transmission line (b) Transverse plane of the parallel-plate
transmission line

By considering a constant-z plane, that is, a plane transverse to the direction of
propagation of the wave, as shown in figure 2.2(b), we can find the voltage
between the two conductors in terms of the line integral of the electric field
intensity evaluated along any path in that plane between the two conductors. Since
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the electric field is directed in the X-direction and since it is uniform in that plane,
this voltage is given by

d d
V(z,t)= _[Ex(z,t)dx=Ex(z,t)de=d E,(z,t). 4)

x=0

Thus, each transverse plane is characterized by a voltage between the two
conductors, which is related simply to the electric field, as given by (4). Each
transverse plane is also characterized by a current | flowing in the positive z-
direction on the upper conductor and in the negative z-direction on the lower
conductor. From Figure 2.2(b), and using equation (3), we can deduce that this
current is given by

I(z,t)= J'Js(z,t)dy: ij(z,t)dy =H,(z,1t) jdy:WHy(z,t), &)
y=0 y=0

y=0

since Hy is uniform in the cross-sectional plane. Thus, the current crossing a given
transverse plane is related simply to the magnetic field in that plane, as given by
(5).

Proceeding further, we can find the power flow down the line by evaluating the
surface integral of the Pointing vector over a given transverse plane. Thus,

d w
P(2) = framere(ExH)-dS = [ [E,(z,OH (z,0)2-dxdy 2=
plane X=0 y=0 (6)

d w
= jv(z’t) HZY 4y =v (z.0)1(2,0)
d w

x=0y=0
which is the familiar relationship employed in circuit theory.

Lossless transmission line equations

Using the two curl Maxwell equations for the case of EandB expressed as
equation (1), we can arrive to the following two differential equations

oE. OB oH
X — y = —‘L[ y (7'3)
x ot
oH
o oE, — e (7))
o ot ot
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where we have assumed a perfect dielectric medium, that is, c = 0. Making now
use of equations (4) and (5) in (7.a) and (7.b) respectively, we obtain two
differential equations for voltage and current along the line

v __(ﬂj GLI

oz \wjat’
a _ _(ﬂjﬂ . (8)D)
0z d /ot

These equations are known as the transmission-line equations. Making use of
equations (8.a) and (8.b), we can characterize the propagation of a microwave
along the line in terms of voltage and current.

Equation (8) can be further simplified by introducing the inductance L and
capacitance C per unit length of the transmission line in the z-direction. The
inductance per unit length is defined as the ratio between the magnetic flux per
unit length at any value of z and the line current at that value of z, having the unit
Henry per meter (H/m). From Figure 2.2 we can easily see that the magnetic flux
per unit length is given by xH,d. Since the current is given by H,w (equation (5))
we have:

H, d
LAkl )
H, w w

The capacitance per unit length is defined as the ratio between the amount of
charge per unit length on either plate at any value of z and the line voltage at that
value of z, having the unit Farad per meter (F/m). The charge per unit length is
pW, or éE,w, and the voltage is E, d (equation (4)), so we find for the capacitance
per unit length:

C=—r>—="— (10
5 {10
Both L and C are purely dependent on the dimensions of the line and independent
of Ey and Hy. Furthermore, we see that
LC = ue (11)

Thus, only one of the two parameters L and C is independent and the other can be
obtained from the knowledge of £and .

Inserting (9) and (10) in (8) gives the transmission line equations in terms of L and
C:
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a_V - _ La_| (12.a)
0z ot
ol oV
2 __cXh 12.b
0z ot ( )

Using these equations we can discuss wave propagation along the line in terms of
circuit quantities instead of in terms of field quantities.

Lumped element equivalent

A transmission line is often represented by its circuit equivalent that can be
derived from the transmission line equations (12.a) and (12.b). To do this, we
consider a section of infinitesimal length Az along the line between z and z + Az.
From (12.a), we find

limV(z+Az,t)—V(z,t) _ _Lal(z,t)

Az—0 AZ ot (13)
when Az — O0we have

V(z+Az,t)—V(z,t):—LAz% (14.2)

This equation can be represented by the circuit equivalent shown in Figure 2.3(a),
since it satisfies Kirchhoff’s voltage law written around the loop abcda. Similarly,
from (12.b) we find

lim l(z+Az,t) - 1(z,1) _ lim[—C oV (z+ Az,t)}
Az—0 Az Az—0) ot

when Az — Owe have
I(z+Az,t)—I(z,t):—CAzw (14.b)

This equation can be represented by the circuit equivalent shown in Figure 2.3(b),
since it satisfies Kirchhoff’s current law written for node c. Combining the two
equations, we obtain the equivalent circuit shown in Figure 2.3(c) for a section Az
of the line.
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T S zt) ¢ lztAzt) L

+ — +

I(z,t)

V(z,t)

|

|
V(z+Az,t)
|
V(z+Az,t)

z z+ Az

(a) (b) (c)
Figure 2.3: Development of circuit equivalent for an infinitesimal length Az of a
transmission line

L’ and C’ represent the inductance and capacitance for a section Az of the line. It
then follows that the circuit representation for a portion of length | of the line
consists of an infinite number of such sections in cascade, as shown in Figure 2.4.

Figure 2.4: Distributed circuit representation of a transmission line

We can also calculate the energy stored in the electric and magnetic field for each
section Az of the line as a function of L’ and C’.

W, =LeE dwan =~ Y (Edfaz=Lcavi=Lev? (15.a)
2 2 d 2 2
W, =lﬂH2(dez)=lﬂ(H wiaz=trazir=1toe (15.b)
o2t 2w 2 2 '

From equations (15.a) and (15.b) we can conclude that L’ and C’ are elements
associated with energy storage in the magnetic field and energy storage in the
electric field, respectively.

Most relevant parameters in a lossless transmission line

We will use now the theory explained in the previous sections in order to deduce
the most relevant parameters for the characterization of a radio frequency wave
traveling on a transmission line.
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e Characteristic impedance

We can write the voltage and current in a phasor form as follows:

v(z,t) =ReV (z) e | (16.2)
i(z,t) = Re|l (z) | (16.b)

Inserting (16) in (12) gives:

_dV() _

joL1(z) (17.2)

_9@ i hevi (17.b)
dz

Combining these two equations we obtain the wave equation for V(z):

_dV(@)

——7°V(2)=0 (13)
dz

where v is called the complex propagation constant of the transmission line and

can be expressed as:
y=+-0’LC = joJLC (19)

Similarly we can obtain the wave equation for 1(z):

d’l(2)

——7"1(2)=0 (20)
dz

Solving equations (18) and (20), we arrive to the traveling wave solutions of the
following form:

V(z)=V,e " +V,e" (21.a)
l(z)=1 e +1,e" (21.b)

where the e term represents wave propagation in the +z-direction and the e*
term represents wave propagation in the —z-direction. The solutions presented in
(21.a) and (21.b) contain four unknown quantities, which are the wave amplitudes
of the +z propagating wave Vo', lo") and the —z propagating wave (Vy, ly). We
can easily relate the current wave amplitudes, I," and |y, to the voltage wave
amplitudes, V," and V,, by inserting (21.a) in (17.a) and then solving for the
current 1(z) to get:
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1(2) = j77LMe-ﬂ ~vyer]. (22)

Comparison of each term with the corresponding term in (21.b) leads to the
conclusion that

=7, =— (23)
IO IO
where
Z, = JoL L (24)
4 C

is defined as the characteristic impedance of the line.
e Phase velocity

Since V, and V, are complex magnitudes, we can express them using their
magnitude and phase as shown in (25.a) and (25.b).

Vo =Ny [ (25.a)
Vo =Ngle™ (25.b)

We can now introduce them into (21.a), obtaining:

V(Z,t) = RG(V(Z)eja’t) — Re[(vo+ g% +V0_ e;’l)ejwt]z
= No+ cos(wt— fz+P") + r\/o"cos(a)t + f1+ DY)

where [ is the imaginary part of y. As can be observed from (26), two different
terms are obtained for the total voltage of the signal. The first term represents a
wave traveling in the +z-direction (the coefficients of t and z have opposite signs)
and the second term represents a wave traveling in the —z-direction (the
coefficients of t and z are both positive). Finally, we can now deduce the
expression for the phase velocity:

(26)

o =fa=2-_1 ! ! IOY)

1 1
’ _ﬂ_\/l—c_\/ﬁ_\/ﬂogr‘go_\/ﬂogo \/Z_ &

_25-



A capacitive RF power sensor based on MEMS technology

e Voltage reflection coefficient
Making use of (24), (22) can be rewritten in terms of Z, in the form

1(2) ZVLe*Vl Vo
ZO ZO

e’ (28)
We can now write the expressions for the voltage (21.a) and current (28) of the
signal using y = j B, obtaining

V(z)=V,'e " 1V, e (29.a)

(VAR VA
I(2)=—e ¥ -2 el (29b
@=Fe-Jre (29b)

In order to determine the voltage amplitudes of the incident and reflected waves
(Vo and Vy) from (29.a) and (29.b), we need to consider the total system. The
complete circuit includes a generator circuit at its input terminals and a load at its
output terminals, as shown in Figure 2.5.

I(Z,t) Transmission

line
Z, [ e
V, V, Z, V. 7z,
Generator _ _ Load
z=-1 z=10

Figure 2.5: Transmission line of length | connected at one end to a generator circuit and
at the other end to a load Z,.

For convenience, the origin is chosen at the coordinate z which corresponds to the
location of the load, Z;. Therefore, z = -l is the location where the sinusoidal
voltage source with phasor Vy and an internal impedance Zy is placed. The
impedance of the load, Z;, can be expressed as a function of the phasor voltage
across it, V|, and the phasor current running through it, I, as follows:

Z = (30)

We can now calculate V|_and |, by estimating the total voltage (29.a) and current
(29.b) of the line at z=0:
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V =V(z=0)=V, +V,  (3la)
| =1z=0)=Yo Yo

31.b
27 (31.b)

Using (31) and (30), the load impedance can be rewritten as:

Z, = (ﬂ]z (32)
Vo _Vo

and therefore, V" can be expressed as a function of V,," as:

Z -7
Vo= 2L Z0 |y~ 33
0 (ZL+ZJ° (33)

The voltage reflection coefficient is defined as the ratio between the amplitude of
the reflected voltage wave, V', and the amplitude of the incident voltage wave at
the load, V, . Using (33), this definition can be expressed as a function of
characteristic impedance of the line, Z,, and load impedance, Z; , as:

]“ZVO_ — Z -2,

L =—t 0 34
V)£ Z,+Z, 34)
And using (23), in terms of the current amplitudes:
L oY% _ p (35)
gV

Although Z, of a lossless line is a real number, Z; is in general a complex quantity.
Therefore, I" needs to be expressed as a complex magnitude:

r=re (36)

where || is the magnitude of T" and 9, is its phase angle. For a matched load, Z;
= Zo, and therefore, I' =V, = 0.

e Voltage Standing Waves Ratio

The standing wave ratio, VSWR, is defined as the ratio between the maximum and
minimum voltage of the signal along the line. We need to obtain then the
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expression for the magnituge of the voltage, |V(z)|. Inserting the relation
Vo =TV, in (29.a) and (29.b) gives the expressions

V(z)=V, (e +Te'), (37.a)
I(z):z—‘;(ej'& —Tel™)y. (37.b)

0

We can now deduce an expression for the magnitude of the voltage |V(z)| from
(37.a)

V@] =l e e e )] [, ) (e +frfe e )] | -
VA |

1[I +|rleremee) 4 etem-an)|’ = (38)
vy

[1+[1F +2||cos2 iz +6,)|
where we have used the identity

e¥ +e ™ =2cosx (39)

Therefore, since |I]<1, maximum and minimum voltage can be easily identified,

obtaining the following expression for the VSWR:

VSWR = Mo _ 1 (40)

From (38) we can deduce that the variations of |V(z)| and |I(z)| follow a
sinusoidal pattern as a function of z. This pattern is called standing wave, and it is
caused by the interference of the two waves as a consequence of the presence of a
mismatch load. The maximum voltage value of the standing-wave pattern,
| \Y | max, corresponds to the position in the line at which the incident and reflected
waves are in phase, and the minimum voltage value, |V | min, corresponds to
destructive interference, which occurs when the incident and reflected waves are
in opposite phase. Therefore, the repetition period of the standing-wave pattern is
the half of the wavelength from the incident and reflected waves.

e Average power

From (37.a) and (37.b) we can consider the time-average power flow along the
line at the point z as:
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LR
0

1
2 Z,

(- rr) (41)

P, = Rel/ ()12 ]-

Which shows that the average power flow is constant at any point on the line, and
that the total power delivered to the load is equal to the incident power ( | Vo' | 2/
27Z,), minus the reflected power ( | Vo' | 2 | r | 2/ 2Z,).

e Scattering parameters
A commonly used way for accounting for the losses due to a mismatch is by
introducing the so-called scattering parameters. The S-parameters matrix relates

the voltage waves incident on the ports to those reflected from the ports. For the
case of two port networks we have:

|:Vlj| _ {Sll Slz}{vf} (42)
V2_ S21 SZZ V2+

A specific element of the [S] matrix can be determined as:

(43)

I vt =0 fork ]

Equation (42) says that s;; is found by driving port j with an incident wave of
voltage V;', and measuring the reflected wave amplitude, V;’, coming out of port i.
Thus, s is the reflection coefficient seen looking into port i, and sjj is the
transmission coefficient from port j to port i. Notice that in the case of a symmetric
circuit:

S, =8,=1 (44)

Therefore, using (41), we can define the magnitude of the s-parameters related to
the power level of the RF signal in dB as:

S, =S,, =10log(rT’). 45)
S,, =$,, =10loglt—[r). (46)

In the case of a perfect match, S;;=S,,=-00 and S;,=S,;=0. While for a circuit with a
short or open, S;1=S5,,=0 and S;,=S,,=-.
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For the cases where an element with certain transmission losses is included in the
transmission line, S-parameters can be measured directly with a vector network
analyzer. Therefore, reflection and transmission losses of the line can be deduced.

2.2.2 Forces in a matched transmission line

As we saw in equations 15.a and 15.b, the energy of a microwave traveling on a
transmission line is stored in magnetic and electric energy, and using equation 24
we can also say that it is equally stored between the two. In the case of a parallel
plate transmission line (see figure 2.1), electric force attracts the metal sheets
towards each other due to the different of its voltage, and magnetic force repel
them from each other due to the currents traveling through the sheets in opposite
directions. To know the total net force we will estimate the ratio between the
electrical and magnetic force per unit area suffered by one of the metal plates of a
parallel plate transmission line when a microwave is traveling through it.

First of all we assume that the dielectric between the metal plates is vacuum, and
therefore the solution from the Maxwell equations can be written in the form [1]

E(x,t)=E, - %-e'“* (47.2)
B(x,t)=B,-§-e"“** (47.b)

where E, and B satisfy
E,=c-B, (48)

being ¢ the speed of light. We now estimate the expression of the electrical and
magnetical force per unit area using the calculation of the surface charge and
current density done in equations 2 and 3.

F N 2
_E = pSE = ps (49'a)
A &

2 2.,2
Fo Oy, g-9vg-puB=yp=J: LV (49.b)
A A A &C  &C

If we now proceed to calculate the ratio between the two forces in two different
ways as shown in equations 50.a and 50.b

Fe_p’ [pV _¢ (50.2)
Fo g/ &c V
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oL

Fe_pE _pEC_C (50
Fe pVvB pVE v

we can conclude that the velocity of the wave is C (as corresponds to a microwave
guided by a transmission line with perfect conductors and vacuum as a dielectric),
giving as a consequence that the ratio between electrical and magnetic forces is
one. Therefore, we can conclude that the total force felt by the metal sheets which
constitute a matched waveguide when a RF signal is present is zero.

2.3 Operating principle and basic theory of a RF MEMS power sensor

2.3.1 Operating principle

We have seen from the previous section that the electric force generated by the
voltage difference between the lines is compensated by the magnetic force
generated by the opposite currents running in the metal sheets, resulting in an
equilibrium situation. As a consequence we can conclude that, by using only a
matched transmission line with movable metal sheets, a microwave power sensor
based on the movement detection that could be created from the attractive
electrical force can not be realized. Nevertheless, a net force can arise when a
capacitive discontinuity, small enough to be treated as lumped element, is
introduced in the transmission line, because a region is created where the balance
between electric and magnetic force is broken. In this case, it can be considered
that electrical force is the only force present on that specific region of the circuit.
Assuming that we are within the lumped element approximation, we can treat the
capacitance discontinuity as a discrete element. Therefore, for a movable capacitor
plate as shown in figure 2.6, the force can be expressed as [2]

(1)

In this equation, ¢ is the dielectric constant of the medium, d is the initial gap
between the plates, x is the displacement of the movable plate, A is the area of the
plates, q is the amount of charge on each plate and u is the voltage between the
plates. The voltage and charge are of course related by the capacitance of the
structure:

c=9_ (52)
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Figure 2.6: Schematic drawing of a parallel plate capacitor with one moveable plate.

If we now assume that the voltage applied between the capacitor electrodes is
coming from a microwave signal, this will result in a time-dependent, but always
attractive, electrical force. And due to its high frequency, well above the
mechanical resonance frequency, only the average force is important, and the
voltage u in equation (51) is replaced by the RMS voltage amplitude of the
microwave signal. Thus, by measuring the displacement of the moveable capacitor
plate or by measuring the force needed to keep the plate in its initial position, the
(square of the) RMS voltage amplitude of the microwave signal can be obtained.
Finally, when the effect caused on the rf signal is small enough to be able to
consider the impedance of the transmission line constant, the power of the signal
can be deduced by the well known equation (53)

P="r (53)

The development of a rf power sensor described in this thesis is based on the
implementation of such a movable capacitor as a lumped-element discontinuity on
the transmission line.

2.3.2 Coplanar Waveguide

In a Coplanar Waveguide all the conductors are in the same plane and on top of a
dielectric material, being open to the air at the top [3]. Therefore, this type of
structure allows both series and shunt elements be integrated into the line without
the need to drill holes into the substrate, being this the most important reason why
it was chosen for the realization of the RF power sensor. The configuration of a
CPW structure is presented in Figure 2.7. It consists of center electrode with width
W and two ground planes with widths GW. The gap between center conductor and
ground plane is G. The thickness of the substrate is h and the thickness of the
transmission line is t. If the substrate thickness, h, is large compared to the gap
between the center and ground conductors, G, the existence of a ground electrode
under the substrate has a negligible influence on the CPW impedance.
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Figure 2.7: Schematic of a Coplanar Waveguide. a) Cross section b) Top view.

In order to calculate analytically the parameters of this kind of transmission line
the quasi-static assumption is made, allowing us to use the conformal mapping
method [4]. In this method, the capacitance C is divided into two parts: C;, which
is calculated by assuming that all the space is homogeneously filled with air, and
C,, where it is assumed that all the space is homogeneously filled with the
substrate material with permittivity (g, - 1). Hence, the total capacitance is C = C,

+ C,. The capacitances can be calculated from

K(k)

K'(k)

where K(K) is the elliptic integral of the first kind and

C, = 4e, (54.a) C, =2¢,(e, - 1)%
1

~~—

) W
W s1nh(4h)
k = 55 k =
W +2G (55-2) b (n(w +ZG)]
sinh
4h
K'(k) = K(k") (55.¢) k'=+/(1-k?

Elliptic functions can be calculated using approximations [5]:

Kk) 2 1+k Lo
K'(k)~;1n[2( mj] for ﬁ_k_l

(54.b)

(55.b)

(55.d)

(56.2)
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T

K(k) _ 2 1
K'(k)~ (( 1+k']} for 0sk<\5 (56.b)
In| 2 -

The effective dielectric constant can be now written as

& reft =£= C, +C, :1+er -1 Kv(kl) K'(k) (57)
¢ ¢ 2 K'(k) Kik)

and using equation 27 we can then calculate the phase velocity, and deduce the
expression for the characteristic impedance, which is given by

1

Z,= m (58)

After substitutions we obtain the characteristic impedance of the line as

~—

& (59)

Vo K

To take into account the thickness of the transmission lines, extra correction factor
is needed [6]:

30z K'
Z, = K

A= M—St(l ; 1{@]} (60)

T

The width of the center conductor comes W + A, the gap between the center and
the ground conductor comes G - A, and K is changed to Ki:

W+A
k, = 61
= [Wea)-2G-a) (61
Accordingly, the effective dielectric constant becomes
_ _ Sreft —
Eretia = Ereft W . K(k) o (62)
0.7-t K'(k)
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Up to here, the analysis has been done under the conditions of a CPW with
infinitely wide ground lines (i.e. GW = o). If the ground lines have finite width the
equations for k; and k;' change to [7]:

| 1+a +a,

= |l——— 63. k,'=/(1-k; 63.b
Niay ©9 ==k (63.b)

sinh(” -GW jsinh( 7(GW +W + ZG)j
2h 2h

a = (63.¢)
sinh(w) sinh(ﬂ-(w-l_ze)J
2h 2h
sinhz(’z:]’vj
oo sinh[mj sinh(7r(vv+2G)j (039
2h 2h

But if the ground conductor width GW is 3 times wider than W then its effect on
Zy and g can be ignored [7].

2.3.3 Bridge design

In figure 2.8 we show the so called ‘bridge design’, where the rf power sensor is
composed of a clamped-clamped beam placed on top of the coplanar waveguide.
Extra electrodes are fabricated under the ‘bridge’ in order to measure its deflection
due to the presence of microwave signals capacitively. By fabricating the structure
small enough with respect to the wavelength of the signal to be measured, it can be
considered as a lumped element. Therefore, such a capacitive element can be
treated as a regular movable capacitor in order to characterize it.

Bandwidth

The insertion of a capacitor in the transmission line changes its characteristic
impedance and inevitably results in reflections and transmission losses, since a
new capacitance (Cs) is added to the line (see figure 2.8).
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Figure 2.8: CPW and lumped element model (a) and CPW with a movable capacitor
model (b).

As a consequence of the new added capacitance, the new characteristic impedance
of the transmission line becomes

1
Z =2z =—— 64
L= 2|z joCq +1/Z, (64)

where Z, is the nominal impedance of the line, Z, is the impedance seen at the
discontinuity at the position of the capacitance and  is the angular frequency.
Now, using equation 34, the voltage reflection coefficient can be calculated,
giving as a result

1
2.7, joC.t1z, O 1
= L_o:Ja)s"'/o _
zZo+z, 1 5 2
joCy+1/2, ° joZ,C,

(65)

Thus, the reflection losses increase with frequency and the maximum frequency
for which the sensor can be used, i.e. the bandwidth of the sensor, is defined by the
capacitance value. Nevertheless, a readjustment of the CPW impedance can be
realized by introducing new elements directly before and after the sensor
capacitance, increasing the bandwidth [8]. In particular, redesign of the CPW
dimensions in order to make the transmission line more inductive and less
capacitive can retune the waveguide when the treated area is small enough to be
still considered as a lumped element. Figure 2.9 shows how an extra series
inductance (L,=L,>L) and a lower ground capacitance (C;=C,<C) implemented in
the CPW surrounding the sensor can be used to retune the characteristic
impedance of the waveguide to the desired 50 Ohm.
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Figure 2.9: Schematic based on lumped elements theory showing the operation principle
for the matching optimization of a capacitive power sensor.

As a consequence, larger bandwidth than the expected from the presence of the
extra capacitance can be obtained by a careful design of the transmission line for
those frequencies which wavelength is much smaller (ten times) than the total
length of the treated area.

Sensitivity

The sensitivity of an RF capacitive MEMS power sensor is determined by its
capability of transfer the electrical force induced by the microwave signal into
displacement of the movable capacitance which acts as a sensor. Therefore, a
minimization of the spring constant is needed in order to optimize the power
readout. For a clamped-clamped beam configuration of the capacitive MEMS
sensor, a change in dimensions could already give a very wide range of spring
constant values, since for a clamped-clamped beam the spring constant as a
function of the geometry can be describe as a first approximation by [9]

_16Ea’B,

K
B’

(66)

where ‘E’ is the Young modulus of the material used to fabricate the membrane,
‘a’ the thickness, ‘B,,” the length of the beam along its two free sides, and ‘B’ the
beam length in between its clamped regions (see figure 2.10).

-37 -



A capacitive RF power sensor based on MEMS technology

Figure 2.10: Schematic drawing of a clamp-clamp beam.

As can be noticed, w and a are very interesting parameters to vary since their
relation to the spring constant goes with the third power. However, special care
needs to be taken with respect to the tensile stress of the material used [9]. As an
example, figure 2.11 shows spring constant values for an aluminum beam where
the distance between the clamp areas is changed with different residual stress
values in the structural material. Although we can clearly see that a factor of 29 is
obtained when the length change from 300 pum to 900 pum if no nominal stress is
added to the sensor, the calculation of the spring constant with a residual stress of
10 MPa, using numerical techniques [10], lowers that factor to 4.

100
E:N
A
A factor 4
A

s * A |
'-E- 10 L
£
= n
c
= A 35MPa
c | |
3 ® - No Stress

|
21 -
5 factor 29 .
(7] ]

| |
|
0.1
200 300 400 500 600 700 800 900 1000
Beam length (.Lm)

Figure 2.11: Comparison of spring constant estimation for clamp-clamp beams with
different lengths, with and without taking into account stress in the structural material.

Therefore, special care has to be taken not only on the geometry but also in the
residual stress of the material used for the realization of the beam in order to
understand its behavior.

Another important aspect is the effect of the mismatch caused by the sensor on the
voltage across the bridge. In equation 53 we have related power and voltage
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considering a perfect match. But when the signal is delivered by a power source,
and a shunt capacitance is present, Cg, the voltage felt on the capacitor related to
the power delivered from the source, P, is given by [11]:

47 P
Vc: % (67)
44+ 7, 0°Cq

In this way, the sensitivity could be affected by the extra capacitance introduced
from the sensor and the frequency of the signal to be detected. Nevertheless, this
effect is only relevant for very high capacitance and/or frequency values as
illustrated in the graph shown in figure 2.12.

L 0.1pF
s 08 05pF |
— 0.7
S
g 061 1 pF
2 0.5
o
= 0.4 1
v 0.3
5 3 pF
£ 0.2
= 0.1

O T T T T T T T T T

o 1 2 3 4 5 6 7 8 9 10
Freq. (GHz)

Figure 2.12: Voltage across a shunt capacitance, V., due to the presence of an RF signal
for different capacitance and frequency values.
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Resolution and noise

The ultimate power resolution will be limited by the thermomechanical noise of
the moveable membrane. An estimate for the amount of noise can be obtained by
considering the membrane as a second order spring-mass system. In that case the
mechanical noise force density acting on the mass is given by [12]:

F2 4Kk, T 4/KMK,T

AN oQ Q (68)

where KgT is the thermal energy, Af is the readout bandwidth, and K, M, @, and Q
are the spring constant, mass, mechanical resonance and quality factor. This noise
force 1s shaped by the force-to-displacement transfer function of the system, just
like the “signal” force given by (51). Combining (51) and (68) gives the attainable
power resolution. For the case of 1 Hz readout bandwidth, the minimum detectable
power is:

2
s _VYssn _ 24 [4/KMk,T )
Pz,  Cz, Q

In this equation C is fixed by the required high frequency bandwidth. Thus, to
improve the power resolution we should decrease the air-gap d, spring constant K
and mass M or increase the quality factor Q. The latter can be accomplished by
operating the sensor in vacuum. Inserting some reasonable values it can be shown
that a power resolution in the order of nanoWatts should be feasible.

2.4 Conclusions

The basic theory of a microwave traveling through a transmission line has been
described, and the most relevant parameters deduced. The operation principle of
the RF MEMS power sensor, based on the introduction of a capacitive element on
the transmission line, was presented. The so called ‘bridge design’ was then
proposed. Finally, theoretical limitations of the sensor regarding bandwidth and
sensitivity are discussed and estimated.
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3.1 Introduction

In this chapter, the design of the so-called ‘bridge-type’ RF power sensor is
presented, and theoretical and simulated results are presented and discussed. The
design basically consists of an electrode, the “bridge”, suspended above the signal
line of a coplanar waveguide (CPW). Obviously, the overall response of the sensor
depends largely on the performance of the CPW. Reflection and transmission
losses of the complete sensor can never be better than those of the basic CPW.
Therefore, in the next section we will first focus on the CPW. Next, in Section 3.3,
two different types of bridge sensor will be presented having a grounded and a
floating bridge electrode. The theoretical response will be calculated and an
estimate is given regarding their RF performance and sensitivity. Finally, in
Section 3.4, the compensation method needed to obtain a larger bandwidth, which
was discussed in Chapter 2, will be applied to the sensor with floating bridge
electrode and simulation results will be presented and discussed.

3.2 Coplanar Waveguide

The coplanar waveguide (CPW) is one of the most commonly used RF circuits
and was chosen for the transmission of the signals to be measured by the RF
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power sensor. This choice was made for two reasons. Firstly, a CPW structure is
easy to fabricate since only one metal layer is required. Secondly, both the ground
and signal line are easily accessible for measurements since they are on the same
side of the substrate.

Figure 3.1 shows a cross-sectional drawing of a CPW, indicating the most
important dimensions, i.e. the width of the center (signal) line W, the gap distance
between the center line and the ground lines G, the thickness of the metal layer t, and the
permittivity €, and thickness h of the substrate material.. Together with the thickness
and permittivity of the substrate material these dimensions define the characteristic
impedance of the CPW.

ts ] | ] |

v

Figure 3.1: Cross-sectional view of a CPW.

Metal thickness

First of all, let’s consider the choice for the metal lines thickness. In principle, the
metal should be as thick as possible in order to reduce resistive losses. However,
in the case of RF signals most of the current flows in the thin outer layer of the
conductor and decreases exponentially with the distance from the surface [1, 2].
Thus, at RF frequencies the effective thickness of the metal may be much smaller
than the actual physical thickness. In order to estimate the thickness used by the
RF signal, a parameter called skin depth, 9, 1s introduced [1, 2]. The skin depth
characterizes how well an electromagnetic wave can penetrate into a conducting
medium, and it is defined as the distance from the surface at which the wave
magnitude has decreased by a factor of e' ~0.37. The value of the skin depth is
only dependent of the material properties and the frequency of the signal running
through it as shown in equation (1):

5y = ()

NTfuo

In practice it does not make much sense to increase the metal thickness to more
than about 3 times the skin depth. Figure 3.2 shows the skin depth as a function of
frequency for three commonly used metals. We see that at 4 GHz the skin depth is
in the order of 1 um so that a CPW thickness of 3 um would be enough. As will be
shown in Chapter 4, a thickness of more than 1 um is difficult to realize in the
chosen fabrication process. Therefore, we will choose the metal thickness to be 1
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pm although this is less than sufficient and will result in additional transmission
losses.

Width of the signal line and gap distance

Another important aspect to be taken into account for the design of the CPW is the
choice for the dimensions of the gap between the lines G and the signal line width
W. They should be chosen such that standard 50 Q characteristic impedance is
obtained (which is supposed to be used in the circuit where the sensor will be
inserted) and simultaneously the dimensions should be suitable for integration of
the sensor bridge. Figure 3.3 shows the values of G and W which result in 50 Q
characteristic impedance for two different metal thicknesses. These values were
calculated using the expressions presented in Section 2.3.2. It is assumed that the
ground lines are at least 3 times wider than the signal line so that the influence of
the width of the ground lines can be ignored. Furthermore, a dielectric with
thickness of 500 um and relative dielectric constant of 6.2 (the case for AF45 glass
[3]) 1s assumed.

)

Aluminum

PR

N
Copper Gold

Skin depth (um)
~

(\®)

0 2 4 6 8 10

Frequency (GHz)

Figure 3.2: Skin depths for aluminum, gold, and copper transmission lines as a function
of frequency.

As mentioned before, the thickness of the CPW is 1 um although 3 pum would be
optimal. The width W of the signal line needs to be compatible with the
dimensions of sensor bridge that is suspended above the line, i.e. it should not be
wider than the maximum feasible length of the bridge. Furthermore, a suitable
value for the capacitance between bridge and signal line has to be obtained.
Assuming a gap between bridge and signal line in the order of 1 um and a desired
capacitance in the range of 0.1 pF (see figure 3.6) we can conclude that the signal
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line width should be at the order of 100 um, leading to a gap distance of 25 pum. In
fact, CPWs with the same combination of W = 100 um and G = 25 um are found
also in other RF MEMS devices, see e.g. [4,5]

175

150

3 um thick metal lines

£100 \
=
) T

1 um thick metal lines

0 100 200 300 400 500 600 700 800 900 1000
W (1um)

Figure 3.3: CPW dimensions in order to get the standard characteristic impedance 50
Q for two different metal thicknesses, 1 and 3 um.

3.3 Bridge design

We will now consider the various design aspects of the suspended bridge which is
used as the capacitive sensing element of the sensor. We will do this for two
different types of bridge designs, namely the ‘grounded bridge’ and the ‘floating
bridge’. In the first case the bridge is electrically connected to the ground lines of
the CPW. This has the advantage that the RF behavior of the sensor is well-
defined and easy to model. However, detecting the deflection of the bridge by
means of a capacitance measurement becomes difficult because one side of the
capacitor is connected to ground and parasitic capacitance cannot be distinguished
from the sensor capacitance. In the case of the ‘floating bridge’ the bridge is not
electrically connected to the ground lines. This improves significantly the
accuracy of the capacitance measurement as is shown below, however it requires
some additional considerations to ensure that for the RF signal the bridge can still
be regarded as grounded. In both cases the length of CPW underneath the sensor
bridge should not be more than a few millimeters so that the sensor capacitance
can still be considered as a lumped element up to frequencies of 4 GHz
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(A =7.5¢m). Only then the effect of the additional capacitance on the transmission
line can be explained by using its lumped circuit equivalent.

3.3.1 Grounded bridge

Figure 3.4 shows a schematic overview of the grounded bridge design. The bridge
1s attached to the ground lines at both ends. The added capacitance to the
transmission line can be calculated simply by considering the overlapping area
between the bridge and the central line. Additional (sensing) electrodes are placed
under the bridge between the signal and ground lines to measure the deflection of
the bridge. In principle one could of course also use the bridge-to-signal line
capacitance for this purpose, however this will be complicated by the presence of
the RF signal. Slots are made in the ground lines under the bridge to make room
for the sensing electrodes and connecting wires. The presence of the sense
electrodes will not influence the RF performance since for the RF signal these
electrodes can simply be regarded as being at ground potential. A potential
problem is caused by the interruption of the ground lines, forcing the RF currents
to flow through the bridge.

The grounded bridge configuration was chosen for the first realized prototypes
because it allows the use of a relatively short bridge (it only has to extend over the
signal line and sense electrodes), thus optimizing the chances for successful
fabrication of the sensor. Measurement of the capacitance changes due to
displacement of the bridge becomes of course more complicated in de grounded
bridge design. The fact that the capacitance to be measured is at one side grounded
makes that accurate 4-port impedance measurement techniques cannot be used.
Furthermore, any parasitic capacitance between the sense electrodes and ground
will be in parallel with the measurement capacitor. Changes in parasitic
capacitance cannot be distinguished from changes in the measurement capacitance
and will limit the obtained resolution.

It must be emphasized that the first prototype sensors were not designed for
optimal performance. The primary goal was to demonstrate that an RF power
sensor based on sensing the electric force is feasible. The design was chosen such
that the chances for successful fabrication were optimal, i.e. the gap distance x and
membrane thickness # were chosen relatively large and the length of the
membrane B, relatively short. Table 3.1 lists the dimensions of the parameters
chosen for the design of a grounded bridge sensor related to the design shown in
figure 3.4.
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CPW lines

Movable capacitor
membrane % %

A , . B
Measuring a % B

=
. electrodes —>
M

% Clamped area

AF45 glass substrate |

Figure 3.4: Schematic overview of a grounded RF power sensor design (top view and
Ccross section).

Bw M B
3600 um
1800 pum 50 um 300 um
200 pm

Table 3.1: Chosen dimensions for the bridge width (Bw) and length (By), and measuring
electrode width (M). Other dimensions like the gap distance x and membrane thickness h
can be adjusted during the fabrication of the devices and are in the order of 1 um.

RF performance

For the three realized prototypes we can easily calculate the capacitance added to
the transmission line by considering the overlap between the bridge and signal
line. As discussed in chapter 2, this capacitance causes an impedance mismatch
resulting in reflection losses. Assuming a gap distance of 1 um the added
capacitance for the three different bridge sizes is 0.18, 1.6, and 3.2 pF. Figure 3.5
shows a plot of the calculated reflection losses (magnitude of S;; parameter) as a
function of frequency (equations 45 and 65 from chapter 2). We see that only the
design with a bridge width W of 200 um is really suitable for operation at GHz
frequencies with reflection losses below -26 dB up to 2 GHz. The other two
designs are meant for characterization purposes at lower signal frequencies since
the small capacitance values in the high-frequency design will make accurate
characterization very difficult.
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The results illustrate very well the strong relation between capacitance and return
losses introduced in the transmission line. We can clearly see that for the designs
where large capacitor values are introduced in order to ensure successful readout
of the sensor, also higher mismatch losses are obtained. There is a clear trade-off
between sensitivity and bandwidth.

0 ;
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Figure 3.5: Calculated reflection losses for the three different grounded-bridge designs
(solid lines) and target specifications of the sensor (dashed line).
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Figure 3.6: Calculated reflection losses at 4 GHz as a function of the extra capacitance
introduced in the circuit (symbols) and target specifications of the sensor (solid line).
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We can now calculate the maximum allowed capacitance in order to fulfill the
specifications up to 4 GHz. Figure 3.6 shows the magnitude of the S;; parameter
expressed in dB as a function of the extra capacitance introduced in the
transmission line for a frequency of 4 GHz. As can be observed, no higher values
than 0.08 pF can be added to the system if the target specifications are wanted to
be achieved.

Mechanical behavior and sensitivity

In this section, we will derive an estimate for the sensitivity of the sensor by
calculating the deflection of the grounded bridge design for a given voltage at the
signal line. In order to do that, we need to estimate the effective stiffness of the
bridge. As a first approximation, we will consider our sensor as a clamped-
clamped beam with immovable edges, subjected to a symmetrically distributed
transverse load ¢, and an axial force N as indicated in Figure 3.7. A detailed
analysis of such a configuration can be found in [6]

{

[

/2

Figure 3.7: Schematic of a clamped-clamped beam under symmetrically distributed load
(qo) and axial force (N).

Following this analysis we can define an effective stiffness K, of our bridge as a
function of the geometrical dimensions and estimated residual stress in the
structural material:

—-8k*IAN cosh(klj
K — CIolc — 4 (2)
o y 272 ki kl . (K
mx (84 k224, - 2)4, )cosh(4) -8 cosh{4 (1-22, )} +4kiA, smh(4j
N = (&o Oy )bh (3)
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)

A== “4)
12N
N\ Ebi )

where y,,,. 1s the maximum deflection of the beam, h is the thickness, b is the
width, 6, = o,(1-v)1s the residual film stress and oy, =7r2EyZ,,m/412 1S an estimate

of the induced axial stress due to the non-linear stretching [7, table 12]. The
effective Young’s modulus £ is equal to £ for b =~ h, and equal to the plate
modulus E/(I1—°) for b > 5h.

Once the effective stiffness, K4 of the bridge is obtained, the mechanical force
can be calculated for every displacement value. Therefore, we can estimate the
maximum deflection of the beam at a given voltage by finding the displacement
where electrical and mechanical forces are equal.

The read-out of the sensor consists in measurement of the capacitance between the
bridge and the measuring electrodes placed below. In order to give an estimation
of this capacitive change, the shape of the deformed bridge needs to be obtained
and the geometrical distribution of the measuring electrodes has to be taken into
account. A good approximation to the shape of the beam can be obtained by using
the mode shape functions or eigenfunctions of the beam evaluated for zero axial
load [8-11]:

cos(k,/)— cos(k,/)
sinh(k,) - sin(k,/)

1

v (%)= 1.259{cos(k[x) —cosh(k,x) + [sinh(k,x) - sin(k[x)]} (6)

where k; are constants determined by the order of the mode (k;/ = 4730 for a
clamped-clamped beam), and the coefficient 1.259 is introduced for scaling
purposes, such that y;(1/2)=2. As illustrated in figure 3.8, an effective gap of the
beam at the area where the measurement electrodes are located, d, can be now
calculated as a function of the maximum displacement of the beam (x=//2). In this
way, the capacitance change in the measuring electrodes can be obtained.

Figure 3.9 shows the calculated sensitivity, in fF per watt, for the three different
bridge designs (left axis). The calculations were done as a function of the residual
stress oy in the bridge material. The thickness of the bridge and the gap between
the bridge and the signal line were assumed to be 1 pm.

Since the amount of RF power level we can deliver to the sensor is limited by the
RF power source used for the measurement, it is useful to calculate the maximum
capacitance change which can be expected. Using the right y-axis from figure 3.9,
we obtain the capacitance change for the different sensors at 0.08 W, which is the
maximum power possible to deliver with the available equipment.
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Figure 3.8: Drawing of the grounded bridge showing the relation between the effective
deflection on top of the measuring electrodes (d) with respect to the maximum
displacement (Ymax)-
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Figure 3.9: Calculated influence of the residual stress on: sensitivity of the sensors (left
y-axis), and expected capacitance change at the maximum power delivered by the power
source, 0.08 W (right y-axis).
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The minimum capacitance change we will be able to measure is in the order of fF,
and therefore we can conclude that, even for the largest bridge, higher values of
stress than 20 MPa start to compromise the RF resolution of the sensor.

3.3.2 Floating bridge

Figure 3.10 shows the schematic overview of a floating bridge design. The bridge
now extends over the entire CPW including the ground lines. Therefore, the
capacitance added to the transmission line needs to be estimated by considering
three different capacitances: from the central line to the bridge, and from the
bridge to the ground lines and measuring electrodes. The electrical connection to
the sense electrodes should be made such that for the RF signal they can be
regarded either as floating or as being grounded.

The measuring electrodes are placed in between the ground lines and the clamp
area of the bridge so that the connecting wires do not need to cross the ground
lines as in the grounded-bridge configuration.

B
¢
CPW lines
Movable capacitor
== [ —
membrane z Zz
| Bw 1.2 _
. .\Ir::is}lrmg W "g """"""""""""""""""""""" 'Z’"
electrodes 7 m— ——
> -+
% Clamped area M
 — —
AF45 glass subshate

Figure 3.10: Schematic overview of a floating rf power sensor design: a) top view, b)
cross section.

For the floating-bridge design the aim was to obtain significantly higher sensitivity
and better RF performance, compared to the grounded-bridge design. As a
consequence of the design, long distance between the clamped areas is needed
(BL), increasing the risk of failure during fabrication and decreasing the fabrication
yield. The longer bridge also results in a lower spring constant and increased
sensitivity. Furthermore, since the bridge is now floating, accurate 4-port
impedance measurement techniques can be used to measure the capacitance
between bridge and sense electrodes. Therefore, lower capacitance is required in
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order to get similar or even better sensitivity compared to the grounded bridge
design, increasing the bandwidth of the sensor. Table 3.2 lists the dimensions of
the bridge and sense electrodes used in the floating bridge design.

Bw M BL
220 pum
110 um

200 pm 900 um

Table 3.2: Different dimensions chosen for the floating bridge design.

RF performance

Again, the RF performance is mainly defined by the capacitance that is added to
the transmission line. This capacitance now consists of a series connection of the
capacitance from the signal line to the bridge and the capacitance from the bridge
to the ground lines and measuring electrodes. Since measuring electrodes are at
ground potential (the low potential of an impedance analyzer), the capacitance
from the bridge to ground can be considered much larger than the capacitance to
the signal line (see figure 3.12). Due to that, we can assume that the total added
capacitance can be calculated by the overlapping area between bridge and signal
line.

For the two designs with bridge widths of 110 and 220 um and a gap distance of 1
um, the calculated extra capacitance is 0.095 and 0.19 pF respectively. Figure 3.11
shows the calculated reflection losses (magnitude of S;; in dB) for these
capacitance values as a function of frequency. As can be observed, as a
consequence of the dimensions of the bridge, results very close to the
specifications are obtained.

Mechanical behavior and sensitivity

We can proceed now, as we did for the grounded bridge, with the estimation of the
sensitivity of the sensor using capacitive readout. As can be observed from figure
3.12, the distribution of the measuring electrodes along the bridge length ends with
a higher effective deflection, d, with respect to the grounded design.
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Freq. (GHz)

Figure 3.11: Calculated reflection losses for the two floating-bridge designs.
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Figure 3.12: Drawing of the floating bridge showing the relation between the effective

deflection on top of the
displacement (Ymax)-

measuring electrodes (d) with respect to the maximum

Figure 3.13 shows the calculated sensitivity for the two different floating bridges
as a function of the residual stress on the structural material (left y-axis). The
thickness of the bridge and the gap between the bridge and the signal line were
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assumed to be 1 um. As we did for the case of the grounded bridges, a secondary
axis has been added showing the expected capacitance change at the maximum RF
power level possible to deliver by the equipment used (0.08 W).

As can be observed, the sensors are rather sensitive with capacitance changes in
the order of several fF ever for the higher values of residual stress. Measurement
of such relatively large changes in a floating capacitor should be no problem.

400
A 30
350 A 220x300 um bridge

~300 o 110x300 um bridge 25
; Q.
(@]
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Z 150 =
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o 100 o) A Rl
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00058588 8
0 0

Stress (MPa)

Figure 3.13: Calculated influence of the residual stress on: sensitivity of the sensors (left
y-axis), and expected capacitance change at the maximum power delivered by the power
source, 0.08 W (right y-axis).

3.4 RF compensation to increase the bandwidth

As discussed in Chapter 2, the RF performance of the sensor can be improved by
tuning the dimensions of the CPW lines around the sensor within an area much
smaller than the wavelength of the frequencies of interest. In this way, lower
reflection losses than those expected from the extra capacitance value introduced
by the sensor can be achieved.

In this section we will introduce two different ways of impedance compensation.

a) Reducing the width of the signal line
b) Partly removing ground lines
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In both cases, the gap distance of the CPW is increased. As a result, lower
capacitance and higher inductance are obtained in that region, thus compensating
for the extra capacitance added by the sensor.

3.4.1 Reducing the width of the signal line

Figure 3.14 shows the detailed design and dimensions chosen for the realization of
this impedance matching method. In this case, the central line width of the CPW is
reduced over a distance d, resulting in a larger gap distance g. As a consequence,
total shunt capacitance on the transmission line is reduced over a certain length,
and series inductance is increased.

| CPwiines A e [ B
Movcdole copacitar
D membrone > %'5 b
25 um
. Measuning > <
glectrodes <+
100 pm
— .
AF45 gass substrate

Figure 3.14: Schematic overview of a compensated floating rf power sensor design by
reducing the width of the signal line (top view and cross section).

In order to verify the correct operation of this method, simulations were performed
using SONNET v10.52 [12]. The results are shown in Figure 3.15. As can be
observed from the simulation results for the magnitude of the S;; parameter
shown, closer impedance to the desired 50 Ohm, and therefore a better match, is
obtained when the width of the central line of the CPW is reduced. This confirms
that the technique really results in a compensation for the extra capacitance. As a
drawback, we can also observe that although reflections are lowered, the
transmission losses (magnitude of S,;) increase when the signal line becomes too
narrow (W=30 um). This is as a consequence of the higher resistance introduced
into the line, since the dimensions of the metal line which carries the RF current
have been considerably reduced. Nevertheless, the magnitude of the S,; parameter
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remains rather low, making it worthwhile to use this technique as a compensation
method.
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Figure 3.15: SONNET v10.52 simulation results for different designs of a compensated
bridge sensor changing the width of the central line.

3.4.2 Partly removing ground lines

Figure 3.16 shows the detailed design and dimensions chosen for the realization of
this impedance matching method. In this case, the ground lines are partly removed
starting from the closest edge to the central line of the CPW along a distance d,
giving a new gap distance g. Similar to the previous case where the width of the
central line is changed, the shunt capacitance on the transmission line is reduced
and series inductance is increased, and a better match is obtained. The larger gap
distance also provides ample room for the sensing electrodes, so in this design the
electrodes are again positioned between the signal line and ground lines.
Simulations performed with SONNET v10.52 show that also this method provides
good compensation and reflections losses are reduced significantly as can be seen
in Figure 3.17. Moreover, it can be seen that the transmission losses decrease too.
Only in the case where the ground lines become extremely narrow (g=250 um) the
transmission losses do not show any further improvement due to the extra
resistance induced. In summary, results indicate that not only reflection but also
transmission losses can be optimized with this impedance matching method.

- 58 -



Chapter 3: Design and simulations

CPWIines
Movcdle capacitar
memirone

Measuring
elecirodes

AF45 gass suostrate

Figure 3.16: Schematic overview of a compensated floating rf power sensor design by
moving ground lines apart (top view and cross section).
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Figure 3.17: Simulation results for different designs of a compensated bridge sensor
changing the width of the central line.
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3.5 Conclusions

Most relevant aspects regarding the final design of a transmission line were
discussed, and chosen dimensions where shown. For the realization of the bridge,
two different types regarding its connection to the CPW (grounded and floating)
were treated separately. Final dimensions of the sensors were presented, and
expected RF and mechanical behavior were estimated and discussed. Results
indicate that an RF power sensor based on a bridge design with capacitive readout
up to 4 GHz is feasible. Finally, the design of two compensation techniques on the
CPW (reducing width of the signal line and partly removing ground lines) in order
to increase the bandwidth of the sensor were presented and discussed. Simulated
results from SONNET v10.52 confirmed the operation of these methods,
indicating a further improvement in the frequency bandwidth of the sensor.
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4.1 Introduction

In this chapter, the fabrication process of the RF MEMS power sensors is
presented. First, the reasons which made us choose for aluminum surface
micromachining on an AF45 glass substrate [1] will be explained. Next, the
suitability of different sacrificial layer materials will be discussed, and the choice
for photoresist is explained. Finally, successful fabrication results for the two
different RF MEMS power sensor designs will be presented together with the final
process outlines.

4.2 General fabrication aspects

4.2.1 Substrate material

Of course for MEMS devices an obvious choice for the substrate material would
be silicon. Silicon has several advantages. It is compatible with various well-
developed fabrication processes, doped silicon can be used as electrode and it is
even possible to have integrated electronics on the same substrate, which can be an
advantage when sensing small capacitance changes. Nevertheless, an important
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source of losses in a transmission line (apart from the resistive losses in the metal
lines already treated in Chapter 3) is the so-called ‘conductance’ loss in the
dielectric material. Up to now, we have considered the CPW using a perfect
dielectric as a substrate, so that the capacitance between signal and ground lines
did not introduce any loss mechanism. But real capacitors have losses, which
depend on the frequency. Usually a complex capacitance C'=C(1- jtand) 1is
defined (see Appendix B), where tan d is called the loss tangent or dissipation
factor of the capacitor. Now, the current between the lines can be written as
| = jwC'V =(jwC+wCtans)V . The first term is the current through an ideal
capacitor C, leading the voltage by 90°. The second term is in phase with the
voltage, and gives an energy loss. Therefore, materials with low tans should be
used as substrate material in order to reduce this loss source.

To get an estimate of how important substrate-related losses would be for the
power sensor designs, CPW transmission losses were measured with a vector
network analyzer for different substrate materials: AF45 (special glass for
microwave), p-doped silicon wafer (5-10 Q cm) and p-doped silicon wafer with
1.5 pum silicon nitride layer on top. Figure 4.1 shows the experimental data from
the |S,;| parameter for the different materials. As expected, the highest losses are
obtained for the highly-doped silicon substrate. A slightly better result is found
when a layer of 1.5 pm silicon nitride (SiN) is deposited between the substrate and
the metal lines, since SiN has very low tan & (4-9 10™*). Nevertheless, too high
losses are obtained due to the low thickness of the SiN layer, so that the silicon is
still dominant in the RF behavior of the substrate. The reason why deposition of
thicker SiN was not tried is that this would result in very high tensile stress
resulting in cracks in the SiN layer. In Chapter 6 we will present a technique to
create thick ‘SiN blocks’ (in the order of tens of um) in the surface of highly-
doped silicon wafers. In this way, the fabrication of CMOS electronics and RF
MEMS devices without high transmission losses in the same substrate is possible.
Finally, it can be observed from Figure 4.1 that the AF45 glass substrate induces
almost no transmission losses. Therefore, while the creation of thick SiN blocks on
highly doped silicon wafers was not yet available, AF45 substrate was chosen for
the fabrication of the RF MEMS power sensors.

4.2.2 Surface micromachining
Once the AF45 glass substrate was selected, a surface micromachining process

was chosen for the fabrication of the movable capacitor. The next step is to select
suitable materials for the movable plate and the sacrificial layer.
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Figure 4.1: |S;1| parameter measurements for 3 different substrate materials.

Structural material

Aluminum was the material chosen as the structural material for the movable
plate. Using only aluminum for the fabrication of the bridge, instead of using a
combination of two different materials (for mechanical support and for
electrodes), we improve the temperature properties of the sensor. At the same
time, Aluminum guarantees very good electrical properties, and, since the strain is
very small, good mechanical behavior can be expected. Furthermore, RF MEMS
switches have already been successfully fabricated with aluminum surface
micromachining [2-5], where mechanical and electrical requirements are much
higher than in the case of the realization of an RF MEMS power sensor. Therefore,
aluminum as structural material is a good choice for the fabrication of the sensor.

Sacrificial layer
The main characteristics required for the sacrificial layer are the control of the
thickness, stability to support the further process steps, and the selective etching

with respect to the structural material. Two different materials were considered:
sputtered amorphous silicon and photoresist.
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Amorphous silicon

Figure 4.2 shows the basic process flow for the case of using amorphous silicon as
the sacrificial layer material. First the silicon is sputtered on the wafer at the
desired thickness (1). Then, patterning of the sacrificial layer is performed using
the BOSCH process [6] using photoresist as a mask (2). Once the aluminum
structural material is deposited and patterned (3), the amorphous silicon layer is
removed selectively using SF¢ plasma etching (4).

2 =

Figure 4.2: Process flow of the power sensor using amorphous silicon as sacrificial
material using BOSCH process for patterning.

Figure 4.3 shows the fabrication results of bridge test structures. As can be
observed, a rather rough aluminum layer is obtained most probably due to the high
sputtering power parameters. This could be solved by optimizing the sputtering
settings, however a much more concerning effect is obtained at the clamp points of
the movable plate. As can be observed from Figure 4.3(b), a very bad connection
between the two different levels of the structural material is obtained due to the
sharp edges of the amorphous silicon. As a consequence, the beams from all
bridge designs collapsed to the bottom substrate.

In order to decrease the sharpness at the edges of the sacrificial material, wet
chemical isotropic etching (TMAH) could be used for the patterning of the
amorphous silicon. The process flow in this case is shown in Figure 4.4.

It can be observed that edges are softer, and a better defined membrane is
obtained. Nevertheless, as a consequence of the isotropic profile, you always end
up with a 90 degrees slope at the top of the layer. Moreover, if the etching is
slightly overdone, the isotropic profile disappears and again vertical edges are
obtained [7]. In order to overcome these problems, photoresist as a sacrificial layer
was considered.
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Figure 4.3: SEM pictures of test bridges with amorphous silicon as sacrificial material.
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Figure 4.4: Process flow of the power sensor using amorphous silicon as sacrificial
material using wet chemical etching for patterning.

Photoresist

Photoresist as a sacrificial layer was proposed in order to overcome the problem
caused by vertical edges. Although sharp edges are also obtained when photoresist
is patterned by a standard photolithography process, a smooth profile can be
created by exposing the polymer to high temperatures (100-180 C). This process
step is called postbake. Figure 4.5 shows SEM pictures of two photoresist layers
deposited and patterned one after the other. The first one, placed at the bottom,
was exposed at 150° C after the lithography process, while for the second polymer,
placed at the top, the postbake step was omitted. A layer of 5 nm aluminum was
deposited at the end to make the photoresist visible by SEM.

The photographs clearly show that the photoresist layer without the extra postbake
step has a vertical profile at the edges, while the polymer which has been exposed
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to the postbake step shows round edges. This effect is especially notable in Figure
4.5(b), where both edges can be compared with each other.

X1, :2‘3"{ zZeku X7, 886 Z b

(a) (b)
Figure 4.5: SEM pictures of two different photoresist layers one deposited on top of the
other. The first one (at the bottom) was exposed to a postbake, while that step was
omitted in the second layer (at the top).

Figure 4.6 shows the different profiles obtained after an exposure at different
temperatures during 5 minutes. Temperature values were tuned from 110 C until
170° C. It can be observed that there is a reflow of the photoresist, and that this
reflow is temperature dependent.

No post bake

T=110° C
T=120° C
T=130° C
T=140° C
T=150° C
T=160° C
T=170° C

1.6 um
1.2 um
0.8 um
0.4 pm
0 20 pm 40 pm 60 pm

Figure 4.6: Measured profile of a photoresist layer with different postbake temperatures.
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At lower temperatures (up to 130°C) a small bump appear at the edge of the
polymer, which becomes larger when the temperature is increased (from 140° C)
creating a soft profile. Another effect which is observed is the decrease in
thickness of the polymer. Far from the edge, thinner photoresist can be clearly
seen for postbake temperatures above 130°C. A possible explanation for this
would be the evaporation of the solvents in the photoresist during the baking
process. As a consequence, the sacrificial layer is expected to have the desirable
edge profile and lower thickness.

The postbake exposure time was also studied. After applying a postbake step of
150 C during four different times, 2, 5, 10 and 30 min no change in the profile
could be observed between them. With respect to the thickness, a decrease in
thickness was found as time was increased. The thickness of the layer seems to be
stable after 30 minutes, with a height difference of 200 nm compared to the profile
obtained for only 2 minutes exposure time.

A temperature of 150° C was selected for the postbake step in our process, since
no relevant changes were observed for higher temperatures. A duration of 30
minutes was chosen in order to be sure that all solvents would be evaporated and
the photoresist would be hard enough to withstand the sputtering process which
needs to be performed on top of it.

The process flow when photoresist is used as a sacrificial layer is shown in Figure
4.7. After patterning the sacrificial layer with standard lithography (1), a thermal
reflow of the photoresist is performed as indicated previously (2). Then, the
aluminum structural material was sputtered using the lowest power level available
in the system (500 W), since otherwise photoresist becomes too hot, producing
bubbles or even burning during the process. After patterning the bridge structural
material using photoresist as a mask (3), oxygen plasma is used to remove
selectively the photoresist sacrificial layer (4).

2 =

Figure 4.7: Process flow of the power sensor using photoresist as sacrificial material.
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Figure 4.8 shows the fabrication results of bridge test structures. It can be
observed that, as a consequence of the lower power used for the sputtering, the
roughness of the aluminum was considerably reduced compared to the results
shown in Figure 4.3. And more important, the smooth edges of the photoresist
allowed a smooth transition of the aluminum layer from the wafer to the bridge,
resulting in a strong mechanical connection of the two levels and successful
fabrication of the beams. It can be also observed how the profile of the resist is
transferred to the beam, decreasing the gap distance in the middle of the bridge
related to the one at the edges. Nevertheless, this effect seems to be stronger than
expected from the effect of the photoresist. Therefore, effects on the shape of the
bridge caused by the stress will be studied in the next section.

X788  Z8mm

Figure 4.8: SEM pictures of the test bridges with photoresist as sacrificial material.

4.2.3 Residual stress
As said in the previous section, a lower gap than expected can be observed in the

middle of the structure. A close look at Figure 4.8 reveals that a gap in the order of
1 um is obtained, being even lower than expected from the effect of a postbake
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step on the photoresist. A possible explanation could arise from the presence of a
tensile stress on the aluminum layer. When a tensile stress is present at the clamp
areas of a beam (see Figure 4.9(a)), a tilting of the vertical walls placed at the
edges is produced, ending in a downwards deflection in the middle of the structure
(see Figure 4.9(b)).

In order to eliminate the induced stress in the aluminum, we could tune the
sputtering conditions until the optimum sputtering settings are found.
Nevertheless, the use of photoresist as a sacrificial layer forced us to use an
specific sputtering system where, although its minimum power deposition (500
Watt) does not damage the photoresist, no other parameters were allowed to be
tuned. Therefore, no optimization of the deposition parameters could be done. An
estimation of the induced stress is then required to know if the aluminum layers
are acceptable for the fabrication of the power sensor.

Figure 4.9: Schematic, exaggerated impression of the effect of tensile stress on a free
standing bridge with steps at the edges.

To estimate the stress in our layer, measurements of the curvature of the substrate
due to the presence of the layer were performed. The relation between the bending
of the substrate and the stress of the deposited film can be found using Stoney’s
formula [8-9]:

(1)
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where o and h¢ are the residual stress and thickness of the aluminum layer, Eg, vy
and h, are the Young’s modulus, poisson ratio and thickness of the substrate, and &
represents the deflection at the center for a surface scan of a distance D. Using this
formula, two different ways of deposition were compared. The first one is by
depositing the film on a single step. In this case, the continuous increase of
temperature during deposition could induce higher values of stress on the layer.
The second case is the deposition of the layer in multiple smaller steps, giving
time to the substrate to cool down in between. In this way, better results could be
expected caused by the lower and more homogeneous temperature of the structural
layer during the sputtering process. Table 4.1 provides a summary of the results.

Layer thickness Stress
1000 nm +79.0 MPa
250 nm +48.9 MPa
250 + 250 nm +35.4 MPa
250 + 250 + 250 nm +35.2 MPa
250 + 250 + 250 + 250 nm | +36.0 MPa

Table 4.1: Measured stress values of sputtered aluminum layer.

The measurements show an always tensile stress, which could explain the
presence of lower gap values as explained in the beginning of this section. It can
be also observed that lower values of stress are obtained when deposition is
performed in four steps of 250 nm deposition each. Moreover, the similarity of the
stress measured on the four different steps indicates that stress gradient keeps
being low. Therefore, the sputtering of the aluminum structural layer in small steps
was chosen for the fabrication of the bridge.

4.3 Fabrication of a grounded bridge

The process flow used for the fabrication of the grounded bridge is shown in
Figure 4.10. As discussed, AF45 glass wafer was used as a substrate. As a first
process step, 1 um thick aluminum layer is sputtered and patterned, which creates
the CPW lines and measuring electrodes (1). After that, 1.7 um thick photo-resist
(Olin 907-17) 1s deposited and patterned in order to use it as a sacrificial layer (2).
A baking step at 150 C during 30 minutes is then performed in order to obtain
smooth edges. At the same time, the polymer is prepared for the sputtering process
which needs to be performed on top of it. A layer of 1 um thick aluminum is then
deposited by low power sputtering (500 Watt) in four steps of 250 nm each and
patterned (3). The patterning of the aluminum is done using phosphoric acid after
a layer of photoresist has been deposited and patterned on top by standard photo-
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lithography, giving to the membrane the wanted shape and creating slits in order to
help during the sacrificial layer etching (etching holes). Finally, the membrane is
released by oxygen plasma etching of the resist (4).

I “
1 3

i e — el—" w—" E——

2 4

Figure 4.10: Outline of the fabrication process for the grounded-membrane sensor
structure. In this case no attempt was made to obtain an extremely flat membrane.

Figure 4.11 shows SEM pictures of the fabrication results. Free standing bridges
are obtained on top of the CPW as a consequence of the successful fabrication
process. From Figure 4.11(b), we can see that the pattern of the CPW has been
transferred into the bridge (see also figure 4.10.4), which could cause a physical
connection between the bridge and the edges of the CPW lines. Nevertheless, no
touching points were observed for the design parameters of the grounded bridges
(300 um long beams). But special attention in the planarization of the photoresist
will be needed for the designs with longer beam dimensions, where initial
deflection of the beam could be higher, ending with a short circuited structure.

Connection to measuring electrode

membrane

CPW CPW CPW
ground signal ground

(a) (b)
Figure 4.11: SEM photographs of a fabricated grounded-membrane sensor. The close-up
clearly shows the curvature of the membrane due to the underlying CPW structure.

-73 -



A capacitive RF power sensor based on MEMS technology

4.4 Fabrication of a floating bridge

As discussed in Chapter 3, longer and more challenging designs of the bridge are
going to be fabricated with the floating bridge sensor. Therefore, the development
of a process outline to overcome the possible touching between the bridge and the
CPW as illustrated in the previous section is required. Since the problem is caused
due to the transfer of the CPW shape into the beam, a process where the
transmission lines are embedded into the glass substrate is proposed as a solution.
Figure 4.12 shows the process flow used for the floating bridge. First, photoresist
is deposited and patterned, removing the polymer from the places where the CPW
and measuring electrodes will be placed (1). Next, 1 um deep recesses are etched
into the glass substrate by 1% HF solution (2). Then, 800 nm of aluminum is
deposited by sputtering (3). Removing the photo-resist results in lift-off of the
aluminum layer, giving an almost flat substrate with the coplanar waveguide and
sense electrodes embedded in the surface (4).

1 4

e — e - S——
3 6

—_— e
7

Figure 4.12: Outline of the fabrication process for the floating-membrane sensor
structures. The CPW is embedded in the substrate to obtain a really flat membrane.

In this way, the same photoresist layer is used as a mask for the etching of the
substrate and for the patterning of the material which needs to be placed in the
cavities, resulting in a very simple and accurate process. A 200 nm difference
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between the cavity depth and the aluminum thickness was taken to ensure no
contact between the two metal levels, avoiding problems during the lift-off
process. Then, a photoresist sacrificial layer is deposited and patterned (5). After a
baking step of the polymer to obtain smooth edges, an aluminum layer of 1 um
thick is deposited in four steps of 250 nm each and patterned by phosphoric acid
using an extra photoresist layer as a mask (6). Finally, the release of the bridge is
performed by oxygen plasma etching. Microscope pictures with the fabrication
results for the two different kinds of impedance matching techniques are shown in
Figure 4.13.

(b)
Figure 4.13: Microscope pictures of fabrication results for a floating power sensor: a)
sensor with central line dimensions of the CPW changed (see Figure 3.8), and b) sensor
with ground planes moved away (see Figure 3.10).

As can be observed from the SEM picture presented in Figure 4.14 (a), a very flat
bridge is created on top of the CPW as a result of the embedding of the lines.
Figure 4.14 (b) shows the result of a white light interferometer measurement along
the length of the beam. It can be observed that only 200 nm height difference is
found within the bridge length. The peaks obtained were measured on top of the
gap areas of the CPW. This is caused by the difference in high between the cavity
depth (1000 nm) and the refilling aluminum layer (800 nm), which is transferred
into the beam.
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Figure 4.14: a) SEM picture showing cross section of a floating sensor with embedded
CPW, and b) white-light interferometer measurement showing the effectiveness of
embedding the CPW in the substrate.

4.5 Conclusions

The fabrication of two different RF power sensors is presented in this chapter.
Aluminum surface micromachining using AF45 glass as a substrate material was
chosen because of the excellent RF properties that can be obtained. A problem
with aluminum surface micromachining is the residual stress in the aluminum. The
lowest stress (=35 MPa) in the aluminum structural material of the bridge was
found for the case where the 1 pum thick layer was sputtered in four steps of 250
nm each. For the case of the grounded bridge, the different layers used for the
fabrication of the sensor were directly deposited on top of the substrate (CPW
lines - sacrificial layer — bridge). Successful fabrication of the 300 pum long
grounded sensors is reported, although pattern transfer from the CPW lines to the
bridge was observed. The topology observed in the bridge could result in a
physical connection between the bridge and the CPW lines for longer bridge
designs. Therefore, a new fabrication process was chosen for the fabrication of the
floating bridge sensor, which involved a bridge design that was three times longer
(900 um). In the new process, embedding of the CPW lines into the glass substrate
is performed, resulting in successful free standing bridges with very flat surfaces
(height difference in the order of 200 nm).
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5.1 Introduction

The RF characterization and the RF power detection results are presented for the
different designs of the grounded and floating bridge sensors. First, the S-
parameters were measured in a frequency range up to 4 GHz. In this way,
reflection and insertion losses coming from the sensor can be determined. Finally,
the RF power sensitivity and resolution of the different sensor prototypes are
presented. All measurements are compared to the theoretical expectations
presented in previous chapters.

5.2 Transmission and reflection losses

In order to characterize the radio frequency behavior of the RF power sensor, S-
parameter measurements up to 4 GHz were performed using a vector network
analyzer (RF source: HP83651, Controller: HP8510C and test-set: HP8517B).
Since aluminum was used for the fabrication of the CPW, measurements were
performed using RF probes with sharp needle profile (G-S-G PICO probes 40A,
CS-5 from GGB Industries Inc), capable of breaking the native aluminum oxide
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layer, which typically grows at the surface of the metal. Therefore, stable and
reproducible measurements could be obtained.

The calibration technique used was the so called SOLT (Short-Open-Load-
Through) technique [1]. This method is known for its good performance in the
frequency range of interest (up to 4 GHz). It consists of the measurement of short,
open, 50 Ohm resistors and transmission lines on a calibration substrate (Agilent
85052B) in order to compensate for any non-idealities encountered in the setup.

5.2.1 Grounded bridge

As presented in the previous chapters, three different grounded bridge sensors
were designed and fabricated. The only difference between them was the width of
the beam, resulting in three different capacitance values of the sensor.
Measurements of the S;; parameter magnitude expressed in dB for the three
different sensors are shown in Figure 5.1, together with the results obtained on a
simple CPW used as a reference (symbols). The results are compared with the
expected behavior calculated in Section 3.3.1 and shown earlier in Figure 3.5
(lines).

In the case of the CPW alone, very low S;; parameter values were obtained for the
whole frequency range. This confirms that the dimensions chosen for the
transmission line resulted in an impedance which was slightly inductive and very
close to the desired 50 Ohm (48.5 + 0.2 j Q at 4GHz).

As can be observed from the measurement results shown in Figure 5.1, very high
reflections are obtained for the two largest designs (3600x300 and 1800x300 um
bridge). These designs correspond to capacitances to the CPW in the order of 3.2
and 1.6 pF (see chapter 3). Reasonable reflection values are measured for the
smallest sensor (200x300 um bridge), which has a capacitance to the CPW of only
0.18 pF. The very good agreement between theory and measurement results shown
confirms that the reflection characteristics of the grounded bridge power sensor
can be modeled by using an equivalent shunt capacitor in the CPW. The
capacitance value of this equivalent shunt capacitor can be deduced directly from
the geometrical bridge dimensions of the sensor.

Figure 5.2 shows the measurement results of the S,; parameter magnitude
measured on the smallest sensor and on a simple CPW used as a reference
expressed in dB. As can be observed, the insertion losses for the simple CPW are
in the order of -0.25 dB at 4 GHz, which means 0.045 dB/mm since the
transmission line is 5.6 mm long. This value can not be explained by the reflection
results shown in Figure 5.1, where only an effect of -0.0007 dB on the magnitude
of the Sy, parameter could be expected at 4 GHz. Therefore, we can conclude that
resistive losses in the metal lines are the main source of the losses shown in Figure
5.2.
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Figure 5.1: Measurements of the S;; magnitude expressed in dB on the three different
grounded bridges designs compared to their theoretical expectations.
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Figure 5.2: Measurements of the S; magnitude expressed in dB on the CPW and the
smallest bridge sensor (0.18 pF) compared to the theoretical expectations.
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In Figure 5.2, only a small difference is observed between the insertion losses of
the CPW and those of the smallest bridge. This is because the reflection losses of
this specific design are small compared to the total transmission losses. The solid
line in Figure 5.2 represents the sum of the measured insertion loss of the CPW
and the theoretical contribution from the reflection losses caused by the smallest
sensor shown in Figure 5.1. The measured losses are only slightly higher, showing
a very good agreement between measurements and expected results. The wavy
pattern obtained in the magnitude of the S,; values is due to difficulty of
performing a perfect calibration when aluminum metal lines are used.

Figure 5.3 shows the measured values of the S,; magnitude expressed in dB for all
three grounded bridge designs. As in the case of the smallest sensor shown in
Figure 5.2, the lines represent the expected behavior calculated from the reflection
losses of each specific sensor and the insertion losses measured on the CPW.
Again, a very good agreement is observed; the measured losses are only slightly
higher than expected. From Figure 5.3 we can observe that the deviation between
theory and measurements increases with increasing bridge size. This effect is most
probably due to the fact that most of the current will be running in the bridge
instead of in the ground lines [2]. Therefore, the currents run along a longer path
and, although the thickness of the metal is the same as in the CPW lines, higher
resistance is expected as a consequence of the presence of etching holes in the
bridge (see chapter 4).

A 200x300€n1gnmndedbndge

o 1800x300 ptm grounded bridge
¢ 3600x300 1tm grounded bridge
—— Theory

1 2 Freq. (GHz) 3 4

Figure 5.3: Measurements of the S, magnitude expressed in dB on the grounded
bridge sensors compared with the theoretical expectations.
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From the measurement results we can conclude that a 6 dB decrease of the S;;
parameter is still required in order to fulfill the target specifications of the sensor
(see Figure 5.1). New sensor designs with lower capacitance introduced by the
sensor, or the use of tuning techniques by the redesign of the CPW (see Chapter 2)
are possible solutions to achieve the value of -26 dB for the S;; parameter
specified in the target specifications.

Furthermore, a shorter CPW is needed in order to reduce the resistive losses,
which are the main source of the total insertion loss of the sensor for a low
reflection design (Figure 5.2). Since 0.04 dB/mm was measured for a simple
CPW, the value of 0.1 dB for the S,; parameter mentioned in the target
specifications should be reached by circuit lengths up to 2 mm.

5.2.2 Floating bridge

As presented in the previous chapters, two different floating bridge sensors were
designed and fabricated in order to be able to improve the sensitivity of the
capacitance read-out. Bridges with two different widths were fabricated, resulting
in two different capacitance values which are related by a factor of two (see Figure
3.11). Smaller bridge dimensions were chosen in order to decrease reflections with
respect to the grounded bridges, and the total length of the CPW was reduced to 1
mm in order to improve insertion losses.

Measurement results of the S;; parameter magnitude expressed in dB up to 4 GHz
for the two different floating sensors are presented in Figure 5.4 together with a
simple CPW used as a reference.

For the case of the CPW alone, it can be observed that slightly higher reflections
are obtained compared to the previous results shown in Figure 5.1. The data
obtained from the network analyzer indicates a slightly capacitive line, with an
impedance of 51.4 - 0.5 j at 4 GHz. A slightly smaller gap than the targeted 25 um
would explain the impedance result of the CPW. Furthermore, since the CPW
lines are now buried into the glass substrate, the relative amount of glass in
between the signal and ground lines increases with respect to the case where metal
lines are simple deposited on top of the substrate. As a consequence, an increase of
the effective dielectric constant, and therefore of the shunt capacitance of the
transmission line, is expected. Nevertheless, reflections are still quite low,
although slightly higher than in the case of the CPW shown in Figure 5.1.
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Figure 5.4: Measurements of the S;; expressed in dB on the CPW and the floating bridge
sensors (symbols), compared with the theoretical expectations for a gap of 0.6 um
without any capacitance offset (black lines), and with 20 fF capacitance offset (gray
lines).

For the case of the two different floating bridge sensors, measurements show
considerable higher reflections than expected from Chapter 3, where a gap of 1 um
was assumed. Therefore, for the theoretical prediction shown in Figure 5.4 (black
lines), a smaller gap of 0.6 um was used. Then, a much better match between
theory and experimental data is obtained, although for the smallest bridge
(110x900 um) a slight difference can still be observed. The fact that we need a
smaller gap distance to obtain a good match can be explained from the increased
length of the bridge. Due to the residual tensile stress in the bridge, the longer
bridge with weaker spring constant will have a larger initial deflection than the
shorter bridges used in the grounded bridge designs and a gap distance in the
centre of the bridge in the order of 0.6 um seems reasonable (see also Section
4.2.3 and Figure 4.9).

As indicated in Figure 5.4, an even better fit is obtained when 20 fF extra
capacitance is added to the theoretical capacitance (gray lines). Such an additional
capacitance improves the fit for the smallest bridge (110x900 um) design but does
not significantly change the RF behavior of the largest floating bridge (220x900
um). It can be concluded that an offset of 20 fF capacitance added to the circuit
gives a very good agreement between measurements and theoretical expectations.
The origin of such an additional capacitance can be found in any parasitic
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capacitance added to the signal line or in a deviation from the 50 Q characteristic
Impedance due to non-optimal dimensions of the CPW.

Figure 5.5 shows the measured magnitude of the S,; parameter expressed in dB for
the two sensor designs and a simple CPW. The result for a simple CPW shows that
the insertion losses have been considerably reduced compared to the results
obtained in the previous design (Figure 5.2). This is a direct consequence of the
decrease in length of the circuit, which is now 1 mm long.

In the same graph, the insertion losses of the two different floating bridge sensor
designs are shown together with the theoretically expected results, which are
calculated based on the reflection losses already presented in Figure 5.4, and the
measured insertion losses in the CPW. As in the case of the grounded bridge,
slightly higher losses than expected are measured, probably due to the extra
resistive losses caused by the currents in the bridge [3].

)
=
5-031{ o cPw Shay
o  110x900 um floating bridge A
A 220x900 um floating bridge 288,
04 Theor AAA
' = = = ' Specificatons
-0.5
0 1 2 3 4
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Figure 5.5: Measurements of the S;; parameter magnitude expressed in dB on the
floating bridge sensors compared with the theoretical expectations.

Although slightly better results are obtained as a consequence of the new
dimensions of the sensor and the CPW, still -0.2 dB insertion losses at 4 GHz for
the smallest floating bridge sensor is obtained. Since 0.1 dB is the goal defined in
the target specifications, further improvement is still required in the insertion
losses of the sensor.

A new approach was presented in Chapters 2 and explained in detail in Chapter 3
based on changing the CPW dimensions just before and after the sensor bridge.
The approach consists of tuning of the total impedance of the circuit by decreasing
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the shunt capacitance and increasing the serial inductance of the CPW around the
sensor device [4]. In this way, the extra shunt capacitance caused by the insertion
of the floating bridge can be compensated. Two different approaches were tried, in
both cases an increase of the gap distance between the signal and the ground lines
of the CPW is realized in order to obtain the desired phenomena. In the first one,
the width of the central line is reduced keeping the ground lines in the same
position, while the other approach is based on removing part of the ground lines,
moving them away from the signal line. The two different techniques were
implemented on the small floating bridge designs (110x900 um bridge).

Compensated circuit by reducing the width of the central line

In this approach the width of the central line is decreased, keeping the ground lines
at their initial position. Figure 5.6 shows measured reflection losses for different
width dimensions up to 4 GHz. The width of the central line is being reduced,
increasing the distance to the ground lines from the initial 25 um (100 um wide
signal line) up to 60 um for the case of the smallest central line (30 um wide
signal line).

As can be observed, a lower S;; parameter is obtained when the gap of the CPW is
higher, and/or the length for which the new gap is introduced increases. Therefore,
it can be concluded that a better impedance match is obtained by decreasing the
central line width of the CPW.
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Figure 5.6: Measurements of the S;; on the floating bridge sensors with variations in the
CPW dimensions for a better impedance match (reducing width of the central line).
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The best match is obtained for the sensor where the maximum gap is created, (60
um gap which corresponds to a 30 um wide central line), for the longest distance
(400 um). In that case, the measured reflection losses are very close to the target
specifications up to at least 4 GHz.

The measurement results of the insertion losses up to 4 GHz are shown in Figure
5.7. As can be observed, although lower reflections were obtained, higher
insertion losses are measured. This response was already predicted by the
simulations shown in Chapter 3. The smaller width of the signal line results in an
increase of the resistance of the CPW, and therefore, in an increase of the insertion
losses. The increase of the insertion losses of the different sensors is especially
noticeable at the lowest frequencies, since at higher frequencies the increased
insertion losses are compensated by lower reflection losses (which are the result of
the better matching). As a consequence, the difference in the insertion losses
between the different sensors reduces as frequency increases. From the
measurement results we can conclude that, although further improvement seems to
be possible in the reflections of the sensor by further decreasing the width of the
central line, the extra resistance in the line makes it impossible to optimize both
the reflection and insertion losses simultaneously. Therefore, the 0.1 dB insertion
loss mentioned in the target specifications does not become feasible with this
matching technique.
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Figure 5.7: Measurements of the Sy; on the floating bridge sensors with variations in the
CPW dimensions for a better impedance match (partly removing of the ground lines).
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Compensated circuit by partly removing of the ground lines

This approach consists of the matching of the total circuit by partly removing the
grounded lines of the CPW. In this way the gap of the CPW is increased without
narrowing the signal line. Thus, a decrease in the reflection losses is expected
without the extra resistive losses observed in the previous design.

Figure 5.8 shows the measurement results for the magnitude of the S;; parameter
up to 4 GHz for different gap dimensions of the CPW. As can be observed,
reflections are being reduced as more distance is introduced between the central
and the ground lines of the CPW. Furthermore, the matching improves by
increasing the length over which the new gap is introduced. From the
measurement results we can conclude that the changes in the CPW dimensions
work in the desired way, reducing total shunt capacitance and increasing series
inductance. The best results are obtained for the largest gap, 175 um, over the
longest distance, 250 um. In this case, a very good RF behavior is obtained, with
even lower reflection losses than required for the target specifications.
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Figure 5.8: Measurements of the Si; magnitude on the floating bridge sensors with
changing in the CPW dimensions for a better impedance match (partly removing of the
ground lines).

In this design, no relevant extra resistive losses are expected to occur since,
although the width of the grounded lines is being reduced, we can in most cases
neglect the effect on the total conductance of the line. Only for the designs where
as a result of the inserted gap the ground lines become extremely narrow, an
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increase in the insertion losses could be noticed as observed in the simulation
results presented in Chapter 3. Measurements results for the magnitude of the S;;
parameter are shown in Figure 5.9. As can be observed, a slight decrease of the
insertion losses is obtained as the gap area increases. This confirms that the extra
resistive losses, which could arise as a consequence of the new design, can be
neglected. Nevertheless, we can also see how the insertion losses for the case of
the largest gap with the longest distance (g=175 um and d=250 um) increase with
respect to the sensor with the same gap but with a shorter distance (g=175 um and
d=200 um). This confirms that we are already at the limit where the resistance
losses coming from the ground lines are becoming more relevant than the
reduction of the reflection losses.

As expected, using this technique we can optimize the design for both reflection
and insertion losses. The best RF characteristics are obtained for the sensor where
the gap was changed to 175 um over a distance of 200 um. In this case the
reflection losses are within the requirements given by the target specifications and
the insertion losses are very close to the target specifications (0.04 dB more than
required). Increasing the thickness of the aluminum layer used for the CPW lines,
or using a better conductor like gold, could improve the design such that also the
S,; parameter fulfills the target specifications.
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Figure 5.9: Measurements of the S;; magnitude on the floating bridge sensors with
changing in the CPW dimensions for a better impedance match (partly removing of the
ground lines).
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5.3 RF power sensitivity and resolution

In order to perform capacitive RF power detection measurements with the bridge
sensors, the setup illustrated in Figure 5.10 was used. An RF source supplies the
signal that has to be detected. This signal is guided by a 50 cm long cable to an RF
probe, which introduces the signal into our bridge sensor. After passing the sensor
bridge, the signal travels to a second RF probe, which is again connected to a 50
cm long cable. Finally, the signal arrives at a commercially available RF power
meter (HP) to verify the presence of the RF signal at the bridge sensor. At the
same time, the capacitance between the sensing electrodes and the bridge is
measured by an impedance analyzer (4194A). In this way we can measure the
relation between the capacitance change due to movement of the bridge and the
power level and frequency of the RF signal traveling through the sensor.

— RF RF N
RE PROBE PROBE — N JgF
SOURCE |LRF CABLE ~ —~ RF CABLE I conicor
RF
MEMS

|I IMPEDANCE
Z; ANALYZER

Figure 5.10: Scheme of the set-up used for the characterization of the rf power detection
of the different bridge sensor designs.

One of the most difficult aspects of the measurement is to determine the power
level of the signal which is present at the position of the bridge sensor. This
uncertainty is caused by the reflections and transmission losses which occur not
only in the bridge sensor, but also in the probes, cables and the connections with
the other systems. As a consequence, the power readout at the end of the circuit
differs from the power delivered by the source, and the response is even frequency
dependent. As a first approximation, the power level present at the bridge sensor
was estimated by taking the average between the readout of the RF source and the
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power meter placed at the end of the circuit. Then, the mismatch effect caused by
the extra sensor capacitance (Chapter 2, eq. (65)) is used to obtain the final
approximation of the signal that is detected by the sensor.

5.3.1 Grounded bridge

Due to the design of the grounded bridge, the sense capacitors are at one side
connected to ground. As a consequence, capacitance measurements suffer from
parasitic capacitance and noise. As a result, only by using the biggest grounded
bridge design (3.2 pF bridge capacitance) the sensitivity was high enough to be
detected by the impedance analyzer.

Measurement results of the RF power detection for a 1 GHz signal are shown in
Figure 5.11. A linear dependence between the power level of the RF signal and the
sensing capacitance can be observed from the measurements.

The measurement results obtained from the DC voltage actuation of the bridge is
also included in the graph. In this case, the power level for every point was

estimated using the well known equation P=V7, assuming an impedance of

50 Ohm. From the comparison of the measurement results presented in Figure
5.11, we can observe how good DC and RF measurements agree with each other.
Therefore, it can be concluded that the RMS voltage squared of the RF signal is
detected by the capacitance change in the grounded bridge sensor.
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Figure 5.11: Measured capacitance change on the 3600x300 um grounded bridge as a
function of power for 1 GHz rf signal and DC actuation.
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From Figure 5.11, a sensitivity of 100 ﬂ%v and a resolution in the order of 10

mWatt can be deduced. Using the mechanical model described in Chapter 3, we
can deduce that the measured sensitivity corresponds to a residual stress in the
bridge of 20 MPa. This is lower than the stress measured for thin films of
aluminum (see Section 4.2.3), which could be expected because part of the stress
Is relieved by the bending of the bridge and rotation at the suspension points.

Power detection of RF signals with different frequencies was performed in order to
characterize the sensor. A constant response versus frequency was expected since
the effect of the extra capacitance introduced by the bridge is already taken into
account. Figure 5.12 shows the capacitance change measured as a function of
frequency for a fixed power level (0.08 W). As can be observed, apart from two
frequencies where the detected power is significantly higher (300 and 600 MHz),
the difference in the power sensitivity is within the noise level observed in Figure
5.11. The strange behavior measured at the frequencies of 300 and 600 MHz
(which correspond to a wavelength of 1 m and 50 cm in vacuum respectively) is
most probably caused by standing waves present in the circuit due to impedance
mismatch from the different connections between cables, probes and systems.
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Figure 5.12: Measured capacitance change on the 3600x300 um grounded bridge as a
function of frequency for a fixed power level (0.08 W).
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5.3.2 Floating bridge

The movement detection of the floating bridge design was performed by
measuring the capacitance change between the floating bridge and the sensing
electrodes placed below. Since the capacitance to be measured is not connected to
ground, very low parasitic capacitance values and noise level were obtained,
increasing the sensitivity and resolution of the measurement with respect to the
grounded bridge [5].

Figures 5.13(a) and 5.13(b) show the capacitance change measured for the two
different floating bridge sensors when an RF signal of 1 GHz is applied. The
measurement results obtained for DC actuation are also included for reference. As
expected, a linear relation between the sensing capacitance and the RF signal
power was found. Furthermore, the response of the sensor for DC and RF
actuation agrees with each other, confirming that the RMS voltage squared of the
signal is detected.

As explained in Chapter 3, a factor of two is expected in the sensitivity of the two
different floating designs, since one design was twice as big as the other. This is
confirmed by the measurements presented in Figure 5.13, where the capacitance
change measured by the two designs at a given power of the signal value is related
by a factor of two. Comparing Figure 5.13 with Figure 5.11, it can be observed
that the capacitance change has the same order of magnitude as in the case of the
grounded sensor design. This is in agreement with the model presented in Chapter
3, where the same order of magnitude in the capacitance change was predicted for
the floating sensors with respect to the grounded sensors in spite of the different
design.
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Figure 5.13: Measured capacitance change on (a) the 120x900 um and (b) the 210x900
um floating bridge sensors as a function of power for a 1 GHz signal and DC actuation.
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From Figure 5.13, a sensitivity of 91.5 ﬂ%v for the 110x900 um floating bridge

sensor and 180.6 f% for the 220x900 um floating bridge sensor can be deduced.

Regarding the resolution of the RF power detection, it can be observed that
differences in the order of 500 uW can be distinguished (see figure 5.14).
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Figure 5.14: Measured response of the 110x900 um floating bridge at low power levels.

The measured response of the two different floating sensors for different
frequencies is shown in Figure 5.15. As can be observed, a flat response as a
function of frequency is found apart from two peaks. The first peak is around 300
MHz. The grounded bridge showed the same behavior at this frequency (see
Figure 5.12). The second peak appears at 700 MHz in the case of the big floating
bridge and at 800 MHz for the small floating bridge, whereas for the grounded
bridge this peak appeared at 600 MHz. The exact origin of these peaks is not yet

known but it is expected that they are due to the measurement setup and not due to the
sensor.
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Figure 5.15: Measured capacitance change in the floating bridge designs as a function of
frequency for a fixed power level (0.05 Watt).

5.4 Conclusions

Measurement results on the grounded and floating bridge power sensors have been
presented. The S-parameter results obtained confirmed that the sensor behavior
can be modeled by a shunt capacitance, where the capacitance value can be simply
calculated from the geometrical dimensions of the bridge. Furthermore,
measurements verified the working principle of the matching techniques based on
change the CPW dimensions directly before and after the bridge. From the two
different approaches, we can conclude that the reflection losses of the sensor can
be decreased down to the level required to meet the target specifications presented
in apendix A (-26 dB) and even further. The value of -0.1 dB for the S,; parameter
required by the target specifications is much more difficult to reach. The best
results were obtained by the matching technique illustrated by Figure 5.9, where a
value of -0.14 dB for the S,; parameter is measured for one of the designs. In order
to further improve this result, the resistive losses in the CPW lines need to be
reduced. Thicker metal lines or the use of better conducting materials like gold are
the best option, since the length of the CPW used by the sensor can not be reduced
because of the space needed for the matching structure.

The power level of different RF signals was measured capacitively. Linear
dependence between RF power and sensing capacitance was found for frequencies
up to 1 GHz, and an agreement in the response with respect to DC actuation was
observed. Therefore, it can be concluded that the RMS voltage squared of the RF
signal is detected, confirming the working principle of the sensor and proving that
a ‘through’-type power sensor based on sensing the electric force can be made.
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Nevertheless, the resolution of the RF power measurement was worse than
required by the target specifications presented in apendix A and further research is
needed to improve the resolution and sensitivity.
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6.1 Introduction

As discussed in Chapter 4, the need for a low-loss substrate forced us to use AF45
glass. Still, using a silicon substrate could have some important advantages. Using
an AF45 substrate implies the use of a low-temperature surface micromachining
process since bulk micromachining in glass is complicated and high-temperature
processing steps are not possible. A silicon substrate on the other hand allows bulk
micromachining by well-developed techniques like deep reactive ion etching
(DRIE) or anisotropic wet etching [1]. Furthermore, high-temperature processing
Is no problem, allowing low-pressure chemical vapor deposition (LPCVD) of low-
stress poly-Si and silicon-nitride layers. When used as structural material in an RF
power sensor these materials would result in much better mechanical properties
than obtained with aluminum. Finally, a silicon substrate would allow monolithic
integration of the power sensor with readout electronics. This could significantly
improve the measurement resolution due to the absence of the parasitic
capacitance associated with interconnecting (bond) wires.
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In this chapter, different versions of the so called SiRN blocks are proposed in
order to improve locally the RF performance of low-resistivity silicon.
Measurements performed on coplanar waveguides fabricated on top of the SiRN
blocks show considerably lower losses than on an untreated low resistivity silicon
wafer. Furthermore, the best designs show a performance that is very close to that
obtained with AF45 glass substrates.

6.2 Motivation

The enormous growth of wireless and portable applications has led to a strong
demand for high-performance monolithic low-cost passive components in RF and
microwave integrated circuits (ICs). However, some traditional microwave passive
components like transmission lines and filters are difficult to integrate on the same
chip with the RF and microwave circuits due to the high substrate losses
associated with standard low-resistivity CMOS-grade silicon substrates. As a
result, most RF and microwave components are realized on special substrates like
AF45 glass [2, 3] or quartz [4]. Several techniques have been developed to allow
the realization of low loss RF devices on standard silicon. These techniques
include the use of dielectric layers like polyimide [5] and benzocyclobutene [6],
the use of polysilicon patterned ground shields [7], the use of silicon bulk-
micromachining to remove the substrate locally under the RF components [8-10] ,
and the use of surface-micromachined suspended metal structures at a distance of
several tens of micrometers above the silicon surface [11, 12]. However, all these
techniques impose restrictions on the device structures that can be realized. The
best results are obtained with the freely suspended structures [8-12], but such free
hanging structures are rather delicate, vulnerable to shocks and vibration and
difficult to package. In this chapter we describe a new technique in which the
silicon substrate is locally replaced by silicon-rich silicon nitride (SiRN) [13],
which has very good RF properties (tan & = 5...9:10™). The technique basically
consists of etching deep trenches and refilling these trenches by LPCVD SiRN.
This process could even be performed in a pre-CMOS process, i.e. before
performing the regular CMOS process in order to obtain monolithic integration of
RF devices with CMOS circuits.

Several test wafers have been processed with various depths of the trenches
refilled by silicon nitride. Low-stress, silicon-rich silicon nitride [14, 15] (SIRN) is
used in order to minimize curvature of the silicon wafer due to residual tensile
stress. The effectiveness of the technique was evaluated by measuring the RF
losses of 1 mm long coplanar waveguides (CPW), which were realized on top of
the SiRN blocks. Two types of SiIRN blocks can be distinguished as indicated in
Figure 6.1: blocks consisting completely of SiRN and blocks consisting of
alternating plates of SiRN and monocrystalline Si. As will be shown in this
chapter, the latter already gives a significant improvement of the RF performance.
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Blocks consisting entirely of SiRN are somewhat more difficult to fabricate but
performance levels very close to dedicated RF substrates like AF45 are obtained.

90 ym S0 KM 90 ym S0 KM
m it i
Low resistivity Si wafer Low resistivity Si wafer

Figure 6.1: (a) Coplanar waveguide (CPW) on a solid SiRN block, and (b) CPW on a
block consisting of alternating plates of SiRN and Si.

6.3 Fabrication

The deposition of dielectric materials like silicon nitride is limited to a few
micrometers due to the insertion of stress on the substrate, being too thin for use as
intermediate layer between RF components and the silicon substrate. As an
alternative, a thick dielectric layer created by the refilling of deep trenches by
silicon-rich nitride is proposed, exploiting the perfect conformal step coverage of
low pressure chemical vapor deposition (LPCVD). By using this technique, a layer
of dielectric material, with a thickness determined by the depth of the trenches
(tens of micrometers), can be created. The process was successfully tested on two
types of wafers: with <100> and <110> crystal orientation. The only difference is
in the etching of silicon: in <110> wafers the silicon crystal orientation can be
exploited to etch deep trenches by anisotropic wet chemical etching, e.g. by
TMAH or KOH; in standard <100> wafers this is not possible and deep reactive
ion etching (DRIE) was used.

6.3.1 Si/SiRN block

The Si/SIRN block can be considered as the first step for the substrate
replacement. Nevertheless, it will be shown that optimization in the designs
regarding the orientation with respect to the CPW and minimizing the thickness of
the silicon between the SIRN plates already results in acceptable losses for many
RF applications.

Figure 6.2 shows a summary of the fabrication process. The process starts with the
deposition of a thin layer of silicon nitride (100 nm). This layer is patterned by
DRIE using photoresist as a mask, creating a large number of parallel rectangles.
The width and spacing between the rectangles are in the order of 2 um. Next, deep
trenches are created by anisotropic etching of the silicon substrate. Then, the
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silicon nitride layer, which acted as a mask is removed using DRIE and a new
silicon nitride layer is deposited by LPCVD.

Process _
description Cross section Top view
I
LPCVD SiRN
I

Patterning SiRN

|

Il B N En
Etching Si

|
Etching SIN
LPCVD SiRN

|
Al deposition I I I I
and patterning

|

Figure 6.2: Fabrication process scheme for Si/SIRN blocks embedded in silicon
substrates.

Due to the excellent conformal step coverage during LPCVD deposition, the
trenches are completely filled by a deposition of 1 um of silicon nitride. Then, a 1
um thick aluminum layer was deposited by sputtering and patterned in order to
build a 1 mm long CPW which will be used for characterizing the RF properties of
the treated substrate. The dimensions of the CPW are shown in Figure 6.1.

Three different parameters of the fabrication process were tuned in order to study
their influence on the RF characteristics on the treated substrate area and be able to
optimize it. First of all, two different relative orientations of the plates with respect
to the CPW lines were fabricated: parallel and perpendicular. SEM pictures
showing the fabrication results for both designs are presented in Figure 6.3. A
better understanding of the loss mechanisms is expected from analyzing the
measurement results obtained from these designs.
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Figure 6.3: SEM pictures showing the cross section and surface of two different plates
orientations with respect to the CPW lines : a) parallel, b) perpendicular.

The second fabrication parameter studied was the ratio in the width dimension
between SIRN and Si plates for a certain block thickness. Figure 6.4(a) shows a
Si/SiN block with 2.2 um wide Si and 1.8 um wide SiRN plates. Figure 6.4(b)
shows a block with 1.5 um wide Si and 2.5 um wide SiRN plates.

NN/ \\S}N/

SIN

V| PULGLOUU

—Ccmos Si — «cmos Si —

XZ,588 18mm 11 19 SEI 3.8k KZ, 788 Shm 1é 18 SEI

(@) (b)
Figure 6.4: Cross section SEM pictures of two different plate widths: a) 1.8/2.2 um-
Si/SiRN, b) 1.5/2.5 um-Si/SiRN.
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In both cases the total thickness of the block is constant (27 um). In this way, the
relation between the amount of substrate material replaced by SiRN and the
transmission losses can be studied.

It can be observed from the pictures shown in Figure 6.4 that, due to a slightly
negative profile on the anisotropic etching of the silicon, the trenches are wider at
the bottom than at the top. This resulted in vacuum cavities at the bottom of the
trenches (see figure 6.5(b)), since the top level was closed by silicon nitride first
(see Figure 6.5(a)), blocking the deposition for the rest of the trench. Nevertheless,
no negative effects are expected from this on the mechanical or RF performances,
since the final result is completely stable and vacuum has perfect RF properties.

16 19 SEI

(@) (b)
Figure 6.5: SEM pictures showing the zoom in on the cross section of a 1.8/2.2 um-
Si/SiRN block: a) surface, b) bottom of the block.

Finally, 37 um thick blocks for the case of 2.5 um wide SiRN and 1.5 um wide Si
plates were fabricated. The fabrication result is shown in Figure 6.6. The
comparison of measurement results of this block with respect to the one shown in
Figure 6.4(b), where the thickness was 27 um, will allow us to study the relation
between losses and block thickness.
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Figure 6.6: SEM picture of a cross section of a 1.5/2.5 um-Si/SiRN block 37 um thick.

6.3.2 Complete SiRN block

A further improvement in the RF performance of the substrate could be obtained
by a complete replacement of the substrate material. As a result, a complete SiRN
block is created. The fabrication process starts from a Si/SiRN block as shown in
Figure 6.7.

First, patterning of the top silicon nitride layer by DRIE is performed in order to
gain access to the silicon that is still located between the refilled trenches. This
silicon is then removed, creating trenches separated by SiRN walls. In the case of
<110> wafers, silicon etching is done by wet chemical etching, although DRIE
would also be possible. For <100> wafers two options are possible, namely DRIE
of silicon, and wet chemical etching, provided that the trenches have the correct
alignment to the crystal orientation, i.e. at an angle of 45 degrees with respect to
the wafer-flat. In this case, due to the silicon crystal orientation, deep trenches are
possible thanks to the silicon nitride walls in between the silicon. We used this
option for our <100> test samples because of its simplicity and its very high
selectivity with respect to silicon nitride. Figure 6.8 shows SEM pictures of the
result obtained at this point, where silicon nitride columns 2 um wide stand freely
with a space in between of 2 um. As can be observed in the pictures, the silicon
nitride columns are not attacked thanks to the excellent selectivity during the wet
etching step.

- 105 -



A capacitive RF power sensor based on MEMS technology

Process
description

Cross section Top view

Si/SiRN block

Patterning SiRN

Etching Si

LPCVD SiN

Al deposition
and patterning

Figure 6.7: Fabrication process scheme for complete SiRN blocks embedded in silicon
substrates from a Si/SiRN block.

Figure 6.8: SEM pictures showing the top view of 2 um wide free standing SiRN plates.
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Trenches are then refilled again by silicon-rich nitride using LPCVD, resulting in
a so-called “complete silicon nitride block”. Different widths of the treated area
(‘b” in Figure 6.1) were performed. Once the silicon nitride block is finished, a
CPW was fabricated on top with the dimensions shown in Figure 6.1. A SEM
picture showing the cross section of a 15 um thick complete SiRN block is
presented in Figure 6.9. As can be observed, no silicon remains inside of the
treated area, resulting on a region where a silicon nitride layer is embedded in the
wafer with a thickness determined by the depth of the trenches created in the
substrate. We can also see how the vacuum cavities inside the refilled trenches are
smaller thanks to the second refilling step, since when the silicon nitride is etched
before performing the second silicon etching, the vacuum cavities are also
reached. Therefore, an extra layer of silicon nitride fills the cavities making them
slightly narrower.

A 45 um thick complete SiRN block was fabricated in order to study the effect of
total thickness on the RF performance of the substrate. The pictures shown in
Figure 6.10 show the fabrication results. As can be observed from Figure 6.10(a),
a few trenches could only be refilled for a very short time, most probably due to
sticktion problems between the free standing SiRN free plates. The close-up in
Figure 6.10(b) shows that a tiny Si column still remains in between the refilled
trenches. This could be caused by too short etching during the patterning of the
SiRN at the beginning of the process, leaving small amount of SiRN at the corners
of the Si plates which would act as a mask during the anisotropic etching.
Nevertheless, due to the very small amount of Si left in the block, no significant
effects are expected and it is considered still as a complete SiRN block.

L

2 2+ S . L ]
2pm EHT = 160KV Signal A= InLens  Date 18 Jun 2004
Mag= 235KX |—| Wo= 2Zmm Praoto Mo, = 1356 Time 10:21:23

Figure 6.9: SEM picture showing the cross section of a complete SiRN block 15 pum
thick.
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a) b)
Figure 6.10: SEM pictures showing the cross section of a 45 um thick complete SiRN
block: a) overview of the SiRN block, b) close-up at the bottom of the SiRN block.

6.4 RF characterization

In order to characterize the RF behavior of the SiRN blocks, S-parameter
measurements up to 4 GHz were performed using a vector network analyzer (RF
source: HP83651B, test-set: HP8517B, controller: HP8510C). Since aluminum
was used for the realization of the CPW, measurements were realized using RF
probes with a sharp needle profile (see Chapter 5). Due to the good matching
obtained on the aluminum CPW, the transmission losses of the SiRN blocks can
be studied by the measurement results obtained on the S,; parameter.

6.4.1 Si/SiRN block

Three different parameters of the Si/SiRN block design were varied as explained
in Section 6.3. The dependence observed in the RF performance of the block as a
function of every design parameter will be presented and interpreted separately.

Relative orientation of the plates with respect to the CPW lines

Figure 6.11 show the insertion loss measured on 1.8/2.2 um-Si/SIRN for two
different plate orientations with respect to the CPW lines, parallel and
perpendicular (see SEM pictures in Figure 6.3). The block thickness for both
configurations was 27 pum. Measurement results on silicon wafers without any
treatment and AF45 wafer (dedicated glass for RF applications) are added in the
graph for reference.
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Figure 6.11: S,; magnitude measurement results on 1.8/2.2 um-Si/SiRN block with two
different relative orientations with respect to the CPW lines (parallel and perpendicular)
low resistivity silicon wafer and dedicated glass for RF (AF45).

As can be seen from Figure 6.11, for the case of Si/SIRN blocks plates
perpendicular to the CPW lines, transmission losses are reduced approximately 1
dB at 4 GHz with respect to the low resistivity silicon. Furthermore, when the
orientation of the plates formed by the Si/SiRN blocks is rotated 90 degrees with
respect to the transmission line (parallel to the CPW lines), a further reduction by
0.5 dB is obtained, resulting in total transmission losses of -1.3 dB at 4 GHz. The
reducing of the losses is obtained although the amount of silicon removed under
the transmission is the same in both cases. Therefore, a strong relation between the
relative orientation of the trenches and the transmission line is found.

The difference in the transmission losses due to the orientation can be explained
by looking at the direction of the electric field created by the RF signal on the
CPW lines, see Figure 6.12. When plates are perpendicular to the CPW lines, there
are paths where electric field is allowed to travel from the signal to the ground line
of the CPW through the conducting silicon, ending with high transmission losses.
But when trenches are parallel to the transmission line, the electric field needs to
cross alternatively silicon and silicon nitride, which is an isolating material, or
travel all the way down from the central line to the untreated part of the silicon
wafer and up again at the ground lines. Therefore, the conductivity of the substrate
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below the transmission line is reduced significantly reducing the electrically-
induced current losses.

Figure 6.12: Illustration of electrical and magnetic fields created on a Si/SiRN block due
to the presence of a CPW on top carrying a RF signal.

As a consequence of the measurement results, it was concluded that the parallel
orientation of the plates on a Si/SiRN block was the optimum situation regarding
substrate losses. Therefore, the parallel orientation used for all subsequent
Si/SiRN blocks presented in this chapter.

Width ratio between Si and SiRN plates

The ratio between the width of the SiRN and silicon plates represents the
percentage of silicon material replaced. Therefore, a strong relation between this
parameter and the substrate losses measured on the CPW is expected. Figure 6.13
shows the measurement results on Si/SiRN blocks with two different relative
widths, but the same thickness (27 um) and orientation with respect to the CPW
lines (parallel). The measurement results obtained on untreated low resistivity
silicon and AF45 dedicated glass substrate are again included for reference.

As can be observed from Figure 6.13, lower losses are obtained for the case where
higher amount of silicon is replaced by SiRN. While -1.3 dB/mm losses are
obtained at 4 GHz for a 2.2/1.8 um Si/SiRN block, a further improvement by 0.5
dB/mm was measured on 1.5/2.5 um Si/SiRN, reaching a value of -0.8 dB/mm.
Although the losses are still considerably higher than on dedicated glass
substrates, a very large improvement with respect to the untreated low resistivity
silicon is already achieved.

Further increasing of the SiRN width was not possible, since the silicon plates left
would become too weak and would collapse to each other, making the deposition
of the SiRN impossible.
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Figure 6.13: S,; magnitude measurement results on 2.2/1.8 um and 1.5/2.5 Si/SiRN
block, low resistivity silicon wafer and dedicated glass for RF (AF45).

Thickness of the Si/SiRN blocks

Since the total thickness of the Si/SIRN block is similar to the gap of the CPW,
still considerably high amount of the electric field from the RF signal is expected
to cross the untreated silicon below the Si/SIRN block. Therefore, Si/SiRN blocks
with larger thickness were fabricated and measured.

Figure 6.14 show the measurement results of two Si/SIRN blocks with different
thicknesses, 27 and 37 um. As can be observed, only a slightly better result is
obtained for the thicker Si/SIRN block, reducing the transmission losses at 4 GHz
from the -0.8 dB/mm obtained on the 27 um thick block, to -0.7 dB/mm measured
for the case of 37 um. It can be then concluded that the thickness does not have
the expected influence on the total transmission losses for a Si/SiRN block. Most
probably the dominant loss mechanism is not due to the untreated silicon below
the Si/SIRN block, but due to the remaining silicon in between the SiRN plates.
Nevertheless, reasonably good RF properties are reported at this point, which may
already be acceptable for many applications.
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Figure 6.14: S;; magnitude measurement results on 27 and 37 um thick Si/SiRN blocks,
a low resistivity silicon wafer and a dedicated AF45 glass wafer.

6.4.2 Complete SiRN block

Figure 6.15 shows the measurement results for the two different thicknesses of
complete SiRN blocks which were fabricated, 15 and 45 um. Measurement results
show transmission losses at 4 GHz of -0.45 dB/mm for the case of a 15 um thick
SiRN block and only -0.2 dB/mm when the thickness is increased to 45 um.
Therefore, it can be concluded that, contrary to what we observed for the Si/SIRN
blocks, a very strong relation between thickness of complete SiRN blocks and
losses is found. This confirms the assumption in the previous section that in the
case of the Si/SIRN blocks of Figure 6.14 the dominant loss is caused by the
silicon plates inside the blocks and not by the silicon substrate underneath the
blocks. For solid SiRN blocks the losses must come from the substrate under the
block. Therefore, better performance is expected for thicker SiRN blocks,
especially since the thickness of the blocks is still in the order of the gap distance
between signal and ground lines of the CPW. Although further improvement of
the RF properties of the substrate could be expected for even thicker SiRN blocks,
the problems already encountered in the fabrication of the 45 um thick blocks
require a further development of the etching process first. Nevertheless, the losses
reported in Figure 6.15 are already very close to the dedicated glass substrate. The
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RF properties are good enough for most of RF applications, with the advantage of
using a much cheaper substrate that allows much more freedom in processing,
easier packaging, and even monolithic integration with CMOS electronics.
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7o) Si wafer
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Figure 6.15: Sy; magnitude measurement results on 15 and 45 um thick complete SiRN
blocks, a low resistivity silicon wafer and a dedicated AF45 glass wafer.

To study the improvement of the RF properties of a CPW in relation to the area
where the silicon is replaced by SiRN, blocks 15 um thick with different total
widths were fabricated and measured (see Figure 6.16). Measurement results
obtained for three different total widths of the blocks, 50, 100 and 900 um, are
shown in Figure 6.17. As could be expected, losses decrease with the increasing
width of the silicon nitride block. However, the large improvement obtained by
increasing the width from 50 to 100 um, which is still only slightly larger than the
width of the signal line, is remarkable. Compared to this, the further increase to
900 um only gives a marginal improvement. Apparently, having a good dielectric
at the edge of the signal line, where the electric field is the strongest, has the most
influence.
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(a) (b) (c)
Figure 6.16: Illustration of three different total widths of complete SiRN block designs:
a) 50 um, b) 100 pum, c) 900 pm.
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Figure 6.17: Sy; magnitude measurement results on 50, 100 and 900 um wide complete
SiRN block.

6.4.3 Summary
Figure 6.18 shows an overview of the measurement results obtained for the
different designs analyzed in this chapter. All of them are based on the use of low

resistivity silicon wafers with the exception of the AF45 dedicated glass used as a
reference.
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Figure 6.18: Sp; magnitude measurement results overview on AF45 glass (1), low
resistivity silicon wafer (A) and all different SiRN blocks presented in this chapter: 1.5
thick SiRN layer (B), perpendicular 2.2/1.8-Si/SiRN block 27 um thick (C), parallel
2.2/1.8-Si/SIRN block 27 um thick (D), parallel 1.5/2.5-Si/SiRN block 27 um thick (E),
parallel 1.5/2.5-Si/SiRN block 37 um thick (F), complete SIRN block 15 mm thick (G)
and complete SiRN block 45 mm thick (H).

From Figure 6.18, it can be observed that compared to a standard low resistivity
silicon wafer a relevant improvement of the RF properties is already obtained with
the Si/SIRN blocks. Remarkable is the wide scope of results that can be achieved
by optimization of two design parameters: the orientation of the plates with respect
to the CPW and the width ratio between the Si and SiRN plates. The best result
obtained for Si/SiRN blocks was a S,; of -0.7 dB/mm at 4 GHz. Even better results
are obtained with complete SiRN blocks. For complete blocks, the main design
parameter in order to optimize the RF properties is the thickness of the block. The
-0.2 dB/mm value obtained for the magnitude of the S,; parameter represents a
remarkable achievement, proving that transmission losses can be obtained that are
very close to those obtained on dedicated glass substrates. It must be noted that
this “best” SIRN block still contained some narrow plates of silicon as discussed in
Section 6.3.2. Therefore, a slightly better result may be possible by further
optimization of the fabrication process.
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6.5 Conclusions

A technique to improve the RF properties of low-resistivity silicon wafers based
on the refilling of deep trenches with SiRN has been presented. Using this
technique, areas can be created in the silicon wafer where the RF signals do not
suffer from the high losses normally associated with standard low-resistivity
silicon substrates.

Two different approaches have been proposed, Si/SIRN blocks and complete
SiRN blocks. In the case of Si/SIRN blocks, the bulk silicon of the wafer is
replaced only partially, creating alternating plates of Si and SiRN. Nevertheless,
by optimization of design parameters such as the orientation of the block with
respect to the CPW and the width ratio between the Si and SiRN plates, CPW
transmission losses S,; were measured of only of -0.7 dB/mm at 4 GHz. The best
results were obtained for complete SiIRN blocks, where the silicon material is
completely replaced by SiRN. In this case, the magnitude of the S,; was reduced to
-0.2 dB/mm at 4 GHz, which is very similar to the -0.1 dB/mm measured on a
dedicated AF45 glass.

It can be concluded that with the proposed Si/SiIRN and complete SiRN blocks it is
possible to realize low-loss RF devices on standard silicon substrates. This means
that a wide variety of fabrication processes (e.g. bulk micromachining by DRIE
and anisotropic wet etching, surface micromachining using poly-Si or SiRN
structural layers) is now available for RF MEMS devices, whereas for example on
AF45 substrates only low-temperature surface micromachining is possible.
Furthermore, it must be noted that the realization of the nitride blocks could be
done as a pre-CMOS process, i.e. before performing the regular CMOS process.
This would allow monolithic integration of low-loss RF components with CMOS
electronics. For the RF power sensor discussed in this thesis this could
significantly improve the resolution due to the absence of parasitic capacitance
related to interconnecting (bond) wires.
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Chapter 7
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7.1 Introduction

7.2  Summary

7.3 Original contributions of this thesis
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7.1 Introduction

In this thesis the research leading towards an RF MEMS power sensor has been
presented. Various aspects of such a sensor have been addressed: starting with the
basic theory in Chapter 2, the design in Chapter 3, fabrication issues in Chapter 4
and measurement results in Chapter 5. In Chapter 6 a promising alternative
substrate was discussed. In this final chapter some conclusions will be presented.
Section 7.2 provides a summary of the thesis. Next, in Section 7.3 the most
significant original contributions of this thesis are discussed. Finally, Section 7.4
gives some suggestions for future research.

7.2 Summary

Existing power sensors for RF signals are based on thermistors, diodes and
thermocouples. These power sensors are used as terminating devices and therefore
they dissipate the complete incoming signal. Furthermore, new telecommunication
systems require low weight, volume and power consumption and a high level of
integration with electronics. These requirements are expected to be fulfilled by RF
MEMS devices. The design and fabrication of a power sensor for RF signals based
on MEMS technology was the main objective of this thesis. The operation
principle of the sensor is based on sensing the attractive force between the two
plates of a charged capacitor, where one of the plates is moveable. Using this
principle, fabrication of an RF power sensor with a large bandwidth (50 kHz - 40
GHz), large dynamic range (-60 dBm - +10 dBm) and very low transmission
losses (<0.1 dB) is theoretically feasible. The research was performed in the
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context of the European project “EMMA” (Electro Mechanical Microcomponents
for precision Applications).

In Chapter 2, the impossibility to create a capacitive RF MEMS power sensor in a
completely matched circuit was illustrated by proving the zero resulting force on a
parallel-plate transmission line. Therefore, an RF power sensor based on the
fabrication of a ‘bridge’ on top of a CPW was proposed. As a consequence, a
capacitance discontinuity small enough to be treated as a lump element is created,
where it can be considered that only the electrical force is felt. The ‘bridge’ is
attracted towards the CPW placed below by a force proportional to the rms voltage
of the RF signal squared. Thus, the power of the RF signal can be deduced by
measuring the deflection of the beam capacitively. The increasing reflection losses
as a function of the increasing sensor capacitance result in an inevitable trade-off
between bandwidth and sensitivity. Nevertheless, a technique based on the
redesign of the CPW dimensions can be used in order to retune the total
impedance of the circuit and therefore increase its bandwidth.

In Chapter 3, the design of two different RF power sensors was presented: a)
grounded sensor, b) floating sensor. The main difference between the two sensors
(apart from the ‘bridge’ dimensions) is the electrical connection of the ‘bridge’,
being directly connected to the ground lines of the CPW (grounded sensor) or
completely floating, extending the ‘bridge’ over the entire CPW (floating sensor).
Theoretical RF behavior of the sensor is calculated by modeling it by a shunt
capacitor which capacitance is deduced by the geometrical dimensions of the
‘bridge’. It was found that sensor capacitance values lower than 80 fF are needed
in order to fulfill the target specifications of the project (-26 dB reflection loss).
Sensor designs with higher capacitance than required were chosen to ensure RF
power detection for the case of grounded sensors. Nevertheless, better resolution
for the deflection measurement of the ‘bridge’ can be obtained when a floating
‘bridge’ is used. Therefore, floating RF power sensors with capacitance low
enough to fulfill target specifications were proposed. Furthermore, simulation
results where CPW dimensions are changed in order to retune the circuit
impedance show that the frequency range can be further extended, relieving the
theoretical trade-off between RF and sensitivity performances.

The RF power sensitivity of the different sensors was also estimated by the
calculation of the different spring constants of the ‘bridge’. A strong dependence
between stress in the structural layer of the ‘bridge’ and sensitivity of the sensor
was observed. Furthermore, capacitance change for each sensor at the maximum
power level available on the setup used (0.08 Watt) was calculated, showing that
lower stress values than 40 MPa are required.

The fabrication of the two different RF power sensors was described in Chapter 4.
Aluminum surface micromachining on top of a glass substrate with photoresist as
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a sacrificial layer was used for the fabrication of the sensors. The use of aluminum
ensures good electrical properties for the fabrication of the CPW lines, while good
mechanical properties can also be expected for the fabrication of the free standing
‘bridge’, since very small displacements are required (hm range). The glass
substrate was chosen because of its good RF performance, and photoresist because
of its round edges ensuring mechanical stability of the aluminum ‘bridge’.
Successful fabrication results of 300 um long grounded bridges were reported,
with a residual stress of 35 MPa. Nevertheless, a pattern on the structural layer of
the ‘bridge’ was obtained, caused by the presence of the CPW lines below the
sacrificial layer. Although no physical connection between the ‘bridge’ and the
CPW was observed, the longer and more challenging designs of the floating
‘bridge’ required the development of a new process flow. In the new process, the
transmission line is embedded into the wafer, and therefore, the ‘bridge’
fabrication is performed over a flat surface. Furthermore, no additional masks are
needed because etching of the substrate is combined with the lift-off of the CPW
lines. As a result of the news fabrication flow, the successful fabrication of very
flat (200 nm height difference) 900 um long aluminum bridges was reported

The characterization of the RF power sensors was presented in Chapter 5. The S-
parameters measurement results on the grounded bridge sensor showed good
agreement with respect to the theoretical expectations shown in Chapter 3. In the
case of the floating bridge sensor, higher reflection losses than expected were
measured due to the decrease of the gap distance between the bridge and the CPW
lines (600 nm). Nevertheless, the use of different dimensions for the CPW in order
to perform impedance compensation showed an improvement in the RF
performance of the sensor. As a result, lower reflection losses than required from
the target specifications (<-30 dB), and very low insertion losses (<0.14 dB) were
obtained up to 4 GHz.

The power detection of an RF signal using a capacitive MEMS sensor is reported,
creating for the first time a ‘through’ RF power sensor. Successful sensing of RF
signals using the different RF MEMS power sensors was presented. Sensitivity in
agreement with the theoretical expectations calculated in chapter 3 is found. The
best sensitivity and resolution characteristics were obtained for the case of the
220x900 um floating ‘bridge’, being 180.6 fF/W and 1 mWatt respectively.

A comparison of the measurement results obtained with the RF MEMS sensor
(110900 um floating bridge with partly removed ground lines) with the target
specifications and two different commercially available power sensors is presented
in Table 7.1. As can be observed, the obtained power range is in the same order of
magnitude as for commercially available RF power sensors, while the obtained
frequency range is somewhat larger. The ‘through’ mode of sensing represents an
important advantage with respect to the existing technologies. The price of the
MEMS device is expected to be slightly higher than the commercial devices,
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mostly because of the costs of packaging and the costs of the required readout

electronics.
Parameter Target Specs. Thesis Results AD8361 ?ggzg
Min. - 60 dBm 0dBm -20 dBm +8 dBm
Power | Max. +10 dBm +24 dBm +10 dBm +33 dBm
Range 70 dB 24 dB 30dB 25dB
Frequency LF Device: 50 kHz — 4 GHz
Range HF Device: 50 kHz — 40 GHz >4 GHz 2.5 GHz 3 GHz
Insertion Loss 0.1dB 0.14 dB (4GHz) RF power lost
Return Loss 26 dB (VSWR =1.1) 30 dB (4GHz) during measurement
MEMS _
‘ , . , HF RMS Thick-film
Technology MEMS “Through’ sensor Through converted 1C | RMS sensor
sensor
Component $9-11 end user
Price (packaged) s $5-10

Table 7.1: Comparison between target specifications stated at the beginning of the
EMMA project, the measurement results from the RF MEMS power sensor presented in
this thesis, and two commercially available RF power sensors.

In Chapter 6, the successful fabrication of two types of thick (tens of micrometers)
SiIRN blocks in highly-doped silicon wafers was presented: a) blocks with
alternating plates of SiRN and Si, b) blocks completely made of SiRN. All
different SIRN blocks were characterized by measuring the S-parameters of a
CPW fabricated on top. Optimization of the RF performance for the case of
alternating plates of SiRN and Si was obtained by increasing the SiRN plate width,
and varying orientation of the plates with respect the CPW lines. As a result, 0.7
dB/mm insertion loss was measured at 4 GHz, which represent a large
improvement in comparison to the 3.5 dB/mm measured for the case of low-
resistivity silicon substrate. The best RF characteristics were obtained for the case
of a 45 um thick complete SiRN block, where 0.2 dB/mm insertion loss at 4 GHz
was obtained, reaching very similar performances as dedicated glass substrates
(0.1 dB/mm at 4 GHz).
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7.3 Original contributions of this thesis

The original contributions presented by this thesis are summarized below:

For the first time, a capacitive RF power sensor was designed and
fabricated. The sensing is based on the detection of the Coulomb force
acting on a moveable electrode due to the RF signal. The result is a
‘through’ RF power sensor which has not been reported earlier.

Two techniques to improve the impedance matching of a CPW with sensor
capacitance were successfully implemented. The techniques are based on
changing the dimensions of the transmission line just before and after the
sensor capacitance.

A new fabrication process was proposed and tested for the fabrication of
very flat aluminum membranes (200 nm height difference) suspended
above a CPW. The process is based on embedding the CPW in the
substrate, however no additional mask are needed because etching of the
substrate is combined with the lift-off of the CPW lines.

Thick (tens of micrometers) SiRN blocks were successfully fabricated in
standard highly-doped silicon wafers making them suitable for use as low-
loss RF substrates. The fabrication is based on two consecutive trench
refilling steps by LPCVD SiRN.

The performance of thick SiRN blocks as RF substrate was characterized
by measuring the magnitude of the S;; and S,; parameters of CPW
structures. It was shown that a performance very close to dedicated glass
substrates (such an AF45) can be obtained.

7.3 Recommendations for future research

Another important aspect which needs further research is the implementation of a
counter electrode for the bridge in order to be able to maintain it at the initial
position. Typically, an additional electrode is realized at the other side of the
moveable membrane. The voltage at this electrode is adjusted in a feedback loop
in order to keep the membrane in its rest position. The required feedback voltage
becomes a measure for the RF signal power. For the current prototype sensors, the
additional electrode could be integrated on a separate wafer, which is bonded on
top of the sensor wafer. A wafer bonding step is needed anyway for adequate
packaging of the device.
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Another way to realize feedback in the sensor is the inclusion of a piezoelectric
material in the bridge in between two metal layers. In this way, the voltage applied
between the metals would be used to keep the bridge at the initial position. A
sensor design with piezoelectric layer in the bridge has already been made and
fabrication has started. Nevertheless, due to fabrication delays, the results could
not be presented in this thesis.

The good results obtained with SIRN blocks in highly doped silicon wafers as
presented in Chapter 6 give some interesting possibilities for further research.
First of all, the use of a silicon wafer instead of glass allows the possibility of
using high temperature process steps, and therefore the use of better materials for
the fabrication of the bridge, allowing lower stress values and the fabrication of
weaker springs. Furthermore, the possibility of realizing CMOS electronics in the
same wafer, and therefore, very close to the sensor, allows a significant
improvement in resolution for the capacitance readout. Changes in the order of aF
(10™*® F) could become detectable, improving the total resolution of the sensor by
more than two orders of magnitude. Therefore, using a capacitive read-out, a
resolution in the order of 10 uW should be feasible.

In order to push the power readout of the sensor to the theoretical limit, the
detection of displacements in the order of pico-meters (10> m) will be needed.
Transducers based on electron tunneling have already demonstrated the feasibility
of resolutions in the order of 10 nm. Therefore, such readouts deserve further
investigation. Furthermore, a readout based on electron tunneling does not exert an
additional electrostatic force on the membrane, which is a fundamental drawback
of capacitive readouts, especially in combination with low spring constants.
However, the problems associated with the integration of an electron tunneling tip
in a sensor structure should not be underestimated.

Any improvement in the detection of the bridge deflection can not only result in an
improved sensor resolution, but it can also reduce the required sensor capacitance,
which results in an increased frequency range.
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APENDIX A: TARGET SPECIFICATIONS

The research presented in this thesis was performed within the EMMA (Electro
Mechanical Micro-components for precision Applications) European project
(http://www.vtt.fi/tte/research/tte7/research/emma/index.html).  Although  the
fabrication of an RF power sensor is based on a completely new approach with
respect to the existing technology, very ambitious target specifications were stated
at the beginning of the project. Table A.1 presents the comparison between the
target specifications stated in the EMMA project and two commercially available
RF power sensors. As can be observed, it is requested to obtain very low losses
(0.1 dB), and high frequency range (4 and 40 GHz) with respect to the existing
devices. Furthermore, a huge increase in the power range is solicited, increasing
from the 30 dB exhibited by the commercially available sensors up to 70 dB (10
mW nominal). In fact, the targets shown in table A.1 are based on the theoretical
limits for the case of a MEMS based RF power sensor, and therefore, it could not
surprise that those could not be reached during a 3 years project. Nevertheless, the
target specifications give a very good illustration on what could be expected from
this new approach for measuring RF power.

Barry
Parameter Target Specs. AD8361 16540
Min. - 60 dBm -20 dBm +8 dBm
Power | Max. +10 dBm +10 dBm +33 dBm
Range 70 dB 30dB 25dB
Frequency LF Device: 50 kHz — 4 GHz
Range HF Device: 50 kHz — 40 GHz 2.5 GHz 3 GHz
Insertion Loss 0.1dB RF power dissipated
Return Loss 26 dB (VSWR =1.1) during measurement
. , HF RMS Thick-film
Technology MEMS “Through’ sensor converted 1C 1 RMS sensor
Component
Price $4 $5-10

Table A.1: Comparison between target specifications stated at the beginning of the
EMMA project, compared to the specifications of two commercially available RF power
sensors (AD8361 from ‘Analog Devices’, and Barry 16540 from ‘Barry industries’).
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APENDIX B: DIELECTRIC LOSSES

When an electric field E is applied to a dielectric media, the polarization of the
atoms or molecules of the material create electric dipole moments that augment

the total displacement flux, D . Therefore:

D=gE+P, (1)

Where P, denotes the increase of the displacement flux by the polarization of the

dielectric material. If we assume a linear medium, we can relate linearly the
electric polarization with respect to the electric field applied:

Pe = SOZeE (2)

where y, is called the electric susceptibility, and might be a complex magnitude.
In this way, total displacement flux can be written as:

D=gE+P =¢,1+y,)E=¢E (3)
where

e=g-je"=¢g,(1+ z.) 4
is the complex permittivity of the medium. The imaginary part of ¢ represents the
loss produced by the medium due to damping of the vibrating dipole moments.

The loss of a dielectric material may also be considered as an equivalent conductor
loss. In a material with conductivity o, a conduction current density will exist:

J=0of ()
Now, Maxwell’s curl equation for H can be transform is the following way:

VxH = joD+J = josE + o€ = jos'E + (we"+0)E = jw(s'—jg"—jng (6)
®

Where it is seen that the loss due to dielectric damping (we'") is indistinguishable
from conductivity loss (o). The term we''+o can then be considered as the total
effective conductivity. A related quantity of interest is the loss tangent, defined as
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tans =25 *9 (7)

ws'

The loss tangent can be seen as the ratio between the real and the imaginary part of
the total displacement current. Microwave materials are usually characterized by
specifying the real permittivity,s'=¢,¢,, and the loss tangent at a certain

frequency. It is useful to note that, after a problem has been solved assuming a
lossless dielectric, loss can easily be introduced by replacing the real ¢ with a
complex magnitude given by,

e=g-je"=¢'(1- jtans) =g, (1- jtan &) (8)
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SUMMARY

Existing power sensors for RF signals are based on thermistors, diodes and
thermocouples. These power sensors are used as terminating devices and therefore
they dissipate the complete incoming signal. Furthermore, new telecommunication
systems require low weight, volume and power consumption and a high level of
integration with electronics. These requirements are expected to be fulfilled by RF
MEMS devices. The design and fabrication of a power sensor for RF signals based
on MEMS technology was the main objective of this thesis. The research was
performed in the context of the European project “EMMA” (Electro Mechanical
Microcomponents for precision Applications).

In Chapter 2, the impossibility to create a capacitive RF MEMS power sensor in a
completely matched circuit was illustrated by proving the zero resulting force on a
parallel-plate transmission line. Therefore, an RF power sensor based on the
fabrication of a ‘bridge’ on top of a CPW was proposed. The ‘bridge’ is attracted
towards the CPW placed below by a force proportional to the rms voltage of the
RF signal squared. Thus, the power of the RF signal can be deduced by measuring
the deflection of the beam capacitively. The increasing reflection losses as a
function of the increasing sensor capacitance result in an inevitable trade-off
between bandwidth and sensitivity. Nevertheless, a technique based on the
redesign of the CPW dimensions can be used in order to retune the total
impedance of the circuit and therefore increase its bandwidth.

In Chapter 3, the design of two different RF power sensors was presented: a)
grounded sensor, b) floating sensor. Theoretical RF behavior of the sensor is
calculated by modeling it to a shunt capacitor. It was found that sensor capacitance
values lower than 80 fF are needed in order to fulfill the target specifications of
the project (-26 dB reflection loss). Furthermore, simulation results where CPW
dimensions are changed in order to retune the circuit impedance show that the
frequency range can be further extended, releasing the theoretical trade-off
between RF and sensitivity performances.

The RF power sensitivity of the different sensors was also estimated by the
calculation of the different spring constants of the ‘bridge’. A strong dependence
between stress in the structural layer of the ‘bridge’ and sensitivity of the sensor
was observed.

The fabrication of the two different RF power sensors was described in Chapter 4.
Aluminum surface micromachining on top of a glass substrate with photoresist as
a sacrificial layer was used for the fabrication of the sensors. The use of aluminum
ensures good electrical properties for the fabrication of the CPW lines, while good
mechanical properties can also be expected for the fabrication of the free standing
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‘bridge’, since the strain is very small. The glass substrate was chosen because of
its good RF performance, and photoresist because of its round edges ensuring
mechanical stability of the aluminum ‘bridge’. Successful fabrication results of
300 um long grounded bridges and 900 um long floating bridges with embedded
CPW lines were reported, with a residual stress of 35 MPa.

The characterization of the RF power sensors was presented in Chapter 5. The S-
parameters measurement results on the grounded and floating bridge sensors
showed good agreement with respect to the theoretical expectations shown in
Chapter 3. The use of different dimensions for the CPW in order to perform
Impedance compensation showed an improvement in the RF performance of the
sensor. As a result, lower reflection losses than required from the target
specifications (<-30 dB), and very low insertion losses (<0.14 dB) were obtained
up to 4 GHz.

The power detection of an RF signal using a capacitive MEMS sensor is reported,
creating for the first time a ‘through’ RF power sensor. The best sensitivity and
resolution characteristics were obtained for the case of the 220x900 um floating
‘bridge’, being 180.6 fF/W and 1 mWatt respectively.

In Chapter 6, the successful fabrication of two types of thick (tens of micrometers)
SIRN blocks in highly-doped silicon wafers was presented: a) blocks with
alternating plates of SiRN and Si, b) blocks completely made of SiRN. All
different SiRN blocks were characterized by measuring the S-parameters of a
CPW fabricated on top. Optimization of the RF performance for the case of
alternating plates of SIRN and Si was obtained by increasing the SiIRN plate width,
and varying orientation of the plates with respect the CPW lines. As a result, 0.7
dB/mm insertion loss was measured at 4 GHz, which represent a large
improvement in comparison to the 3.5 dB/mm measured for the case of low-
resistivity silicon substrate. The best RF characteristics were obtained for the case
of a 45 um thick complete SiRN block, where 0.2 dB/mm insertion loss at 4 GHz
was obtained, reaching very similar performances as dedicated glass substrates
(0.1 dB/mm at 4 GHz).
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