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This dissertation presents RF MEMS capacitive switches which are based on a
thin-film aluminum circular beam geometry that exhibit reduced sensitivity to both ini-
tial residual stress and stress-changes versus ambient temperature. The device symmetry
also facilitates low-series-inductance compact device arrays for high-value capacitances.
These switches are built in the Raytheon RF MEMS process and show an 8-10x im-
provement in temperature stability over the standard fixed-fixed beam designs. Also,
cascadable RF MEMS switched capacitors are demonstrated that are suitable for VHF
and UHF tunable filters and reconfigurable matching networks. These devices are fab-
ricated in the UCSD and Raytheon RF MEMS processes and result in a near ideal
capacitor impedance over a 30:1 frequency range. The circular geometry is then used to

demonstrate an RF MEMS switched capacitor with > 10 W power handling at 10 GHz
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under hot-switching conditions that maintains a relatively-low (< 30 V) pull-in voltage.
The device consists of separate RF and DC electrodes, which are defined underneath a
temperature-stable circular beam, to result in both increased restoring force above the
RF electrode and higher RF self-actuation voltage.

This thesis also presents a compact low-loss tunable X-Band bandstop filter
that is implemented on a quartz substrate using both miniature RF-MEMS capacitive
switches and GaAs varactors. The 2-pole filter is based on capacitively loaded folded-
A/2 resonators that are coupled to a microstrip line, and the filter analysis includes the
effects of non-adjacent inter-resonator coupling. The RF MEMS loaded filter results in
a measured 25 dB improvement in power handling and linearity compared to the GaAs
varactor design.

Finally, a 1.6-2.4 GHz suspended 3-pole RF MEMS tunable filter is presented.
The filter results in an insertion loss of 1.34-3.03 dB over the tuning range and a 3-dB
bandwidth of 201-279 MHz. This design results in a tunable Q, of 50-150 over the
frequency range, and to our knowledge, is the first suspended RF MEMS filter with the
best Q. The Appendix presents in full detail the UCSD RF MEMS capacitive switch

process on a high-resistivity silicon substrate.
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Chapter 1

Introduction

1.1 RF-MEMS Technology

Micro-Electro-Mechanical-Systems (MEMS) is the integration of mechanical el-
ements, sensors, actuators, and electronics on a common substrate using micro-fabrication
processes. MEMS devices vary in size from less than a micron to as large as several
millimeters and are formed with standard “micro-machining” techniques, while the elec-
tronics are fabricated using integrated circuit (IC) processes (e.g. CMOS or Bipolar).
The area of MEMS is extremely broad, and the devices which are designed to operate
at the RF (Radio Frequency) to mm-wave frequencies (0.1 to 100 GHz) are called RF
MEMS.

RF MEMS switches are miniature devices that use mechanical movement to
create either a short or an open circuit in the transmission line. The forces required to
achieve this mechanical displacement can be obtained using electrostatic, magnetostatic,
piezoelectric, or thermal designs. Electrostatic actuation is the most commonly used
due to its simplicity, compact size, and low power consumption. RF MEMS devices can
be categorized by two configurations: metal-contact and capacitive-contact. Fig. 1.1a
shows the Northwestern/Radant MEMS/Analog Device series metal-contact switch [3].
Series metal-contact switches present an open circuit in the up-state position due to the
small capacitance (Cy, < 10-20 fF'), while in the down-state position they act as a near
short circuit (Rs < 1-2 Q) through the metal-to-metal contact (Fig. 1.1b). Metal-contact
switches are typically used from DC-100 GHz with excellent performance.

Capacitive-contact devices use a metal-to-dielectric contact and can further be
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Figure 1.1: Series metal-contact switch developed by Northwestern/ Radant MEMS/
Analog Device (a), and equivalent circuit model (b).

separated into three sub-categories: capacitive switches, switched capacitors, and analog
varactors. Capacitive switches have a capacitance ratio of 20-150 and are mostly used
as On/Off switches in applications such as phase shifters and switching networks. Fig.
1.2a shows the series capacitive switch developed by Lincoln Laboratory, while Fig. 1.2b
shows the Raytheon (left), and MEMtronics (right) shunt capacitive switches.

anchors

Dielectric

(@) (b)

Figure 1.2: Series capacitive switch developed by Lincoln Laboratory and equiva-
lent circuit model (a), and shunt capacitive switches developed by Raytheon (left) and
MEMtronics (right) along with the equivalent circuit model (b).

Switched capacitors have a capacitance ratio of 3-10 and are ideal devices for

tunable filters, loaded-line phase shifters, and reconfigurable matching networks from



500 MHz to 100 GHz [4]- [6]. Analog varactors have a continuous tuning range of 1.5-8:1
and are well suited for applications that require precision tuning such as high-Q tunable
filters where exact resonator loading is required [7]- [8].

RF MEMS switches have certain key advantages over PIN diodes and FET
switches, which are the widely used for RF switching applications, that include:
1. Very Low Insertion Loss: Since RF MEMS switches are comprised of suspended
metal structures instead of semiconductors, they inherently have very low conductor
losses (< 0.05-0.2 from 1-100 GHz).
2. Very High Isolation: In the up-state position, MEMS metal-contact switches have
air as a dielectric, and therefore have a very small off-state capacitance (C,, = 2-16 {F)
resulting in very high isolation up to 40 GHz.
3. Very High Linearity: MEMS switches do not respond to varying electronic signals
that are higher than the mechanical resonance frequency of the device, which is typically
in the range of 10’s of kHz to several MHz. Therefore, MEMS switches are very linear and
produce low intermodulation products (20-50 dB better than GaAs or CMOS devices).
4. Very Low Power Consumption: Despite the high actuation voltage (20-100 V)
requirement, there is virtually no DC current flowing into the device, and therefore
MEMS switches have very low DC power consumption. It should be noted however,
that the charge pump required to generate the MEMS bias voltage will consume 0.05-1
mW of power.
5. Very High Cutof f Frequency: The figure of merit for a series switch is the cutoff
frequency, f. = 1/(2nrRsC,,), where R, is the resistance in the on-state and C,, is the
capacitance in the off-state. The cut-off frequency is 20-80 THz for MEMS switches
compared to 1-4 THz for PIN diodes and 0.25-1 THz for FET switches.

Table 1.1 summarizes the performance of electro-static RE MEMS switches,
FET switches, and PIN diodes. Despite all of these advantages, RF MEMS switches
have their own share of issues which are currently hindering their commercial viability.
Some of these concerns include:
1. Reliability: While the Radant-MEMS metal-contact switch has shown 200B cycles
at 20 dBm (> 100 devices), more research needs to be done on metal-contacts, creep,
and a much larger number of devices need to be tested before widespread insertion
into conservative application areas can occur. Capacitive switches such as the Lincoln

Laboratories and Raytheon devices have demonstrated > 300B cycles, but these switches



Table 1.1: Performance comparison of FET switches, PIN diodes, and RF-MEMS
electro-static switches [1]

Parameter | pinDiode | FET | RF-MEMS
Voltage (V) +/-35 3-5 20-100
Current (mA) 3-20 0 0
Power Consumption (mW) 5 —100* 0.05—-1* | 0.05 -1
Switching Time 1-100 ns 1-100 ns 1-300 us
Cy (Series) (fF) 40-80 70-140 2-16
R (Series) (2) 2-4 4-6 0.2-1
Capacitance Ratio 10 N/A 20 — 300°
Cutoff Freq. (THz) 14 2-4 30-80
Isolation (1-10 GHz) High Medium V.High
Isolation (10-40 GHz) Medium Low V.High
Isolation (60-100 GHz) Medium None High
Loss (1-100 GHz) (dB) 0.3-1.2 0425 | 0.05:0.2
Power Handling (W) <10 <10 5 —10°
IIP; (dBm) 27-50 27-50 66-80+

@ Includes voltage up-converter or drive circuitry.
b Capacitive switch only. A ratio of 300 can be achieved with high-e,.
dielectrics.

¢ Power handling under hot-switching conditions.

still suffer from dielectric charging, and more work needs to be done to address this issue.
Table 1.2 presents a current reliability summary for some of the more mature metal and
capacitive-contact MEMS switches.

2. Packaging: MEMS switches need to packaged in inert atmospheres (Nitrogen, Argon,
etc..) and in very low humidity, which necessitates hermetic or near-hermetic seals. Her-
metic packaging tends to increase the overall cost and can adversely effect the reliability
and performance of the device.

3. Switching Speed: The switching speed of MEMS devices is in the range of 1-300
us, which is acceptable for many applications except certain communication and radar
systems.

4. Temperature Sensitivity: MEMS switches based on fixed-fixed beam actuators
such as the Raytheon and MEMtronics capacitive switches show a marked sensitivity to

residual stress and temperature with pull-in voltage slopes vs. temperature between -0.2



to -0.3 V/°C.

5. Power Handling: The power-handling of both metal and capacitive-contact switches
has steadily been improving and currently the Radant-MEMS switch has demonstrated
> 10B cycles at 10 W under cold switching conditions, while the Raytheon capacitive
switch has shown 4-5 W power-handling at 10 GHz under cold-switching operation. Still,
some front-end transmit applications require 25-50 W power-handling under continuous

RF power.

Table 1.2: Reliability summary of RE MEMS metal-contact and capacitive switches [2]

’ Parameter ‘ RADANT ‘ MIT-LL ‘ Raytheon ‘
Contact Type Metal Capacitive Capacitive
Actuator Type Cantilever Cantilever Bridge

Actuator Material Au Si02/A1/Si02 Al
Actuation Voltage (V) 90 55-65 30-40
Unipolar/Bipolar Actuation 40-80 70-140 2-16
Switching Speed (us) 10 20 5
Capacitance Ratio N/A 150:1 40:1
Metal Contact Ron/Cofs (2/fF) 4/25 (2 contact) N/A N/A
Package Type Hermetic Wafer Cap Hermetic Wafer Cap | Hermetic Wafer Cap
Reliability®? (# dev. tested) 200B at 20 dBm (>100) 600B at 0 dBm (6) 200B at 20 dBm (2)
10B at 30 dBm (>50) 150B at 20 dBm (4)
10B at 40 dBm (>10) 100B at 10 dBm (5)
Cycle Frequency (kHz) 20¢ 5 5

@ All tests stopped before switch failure.
b All reliability test done at 10-35 GHz when dBm is quoted.

¢ All switching waveforms have a 50% duty cycle.

Most of the current research in RF MEMS is focused on robust actuator design,
power-handling, reliability, and packaging. The first part of this thesis is devoted to the
realization of stress-tolerant and temperature-stable switched capacitors that exhibit re-
duced sensitivity to both initial in-plane stress and stress changes versus temperature,
with measured pull-in voltage slopes versus temperature of only -22 mV /°C, which sig-
nificantly extends the operating temperature of the device. The second part of this thesis
focuses on improving the power-handling of RF MEMS switched capacitors. A new de-
vice is presented, which leverages a temperature-stable circular actuator, and consists
of separate RF and DC electrodes that are routed under the beam to result in a larger
spring constant under the RF electrode, resulting in both increased restoring force and
This switch demonstrates 10-11 W power handling under

RF self-actuation voltage.

continuous RF power at 10 GHz with a relatively low actuation voltage (< 30 V).



1.2 Tunable Filter Overview

The trend in modern wireless communications systems is towards multi-band
and multi-mode devices with increased adaptability and functionality. This trend is plac-
ing more stringent demands on the RF/microwave filters towards higher performance,
smaller-size, lighter weight, and lower cost. Fig. 1.3 shows the architecture of a modern
cell phone front-end with global system for mobile communication (GSM), code division
multiple access (CDMA), and data channels covering 800 MHz to 2.4 GHz. This sin-
gle silicon transceiver chip requires 14 fixed filters or diplexers which are implemented
with either surface acoustic wave (SAW), or bulk acoustic wave (BAW) filters, and are
selected using RF switching networks. The passive components on a multi-mode cell
phone occupy 65-80% of the total RF board area. In order to reduce system size, weight,
and complexity, it is of interest to replace the fixed filters with tunable filters (Fig. 1.4).

Tuning of the filter center frequency can be achieved by varying either the
length or the inductive or capacitive loading of the resonators. Tunable filter tech-
nologies for wireless communications systems can be categorized into four tuner areas:
YIG (Yttrium-Iron-Garnet) [9]- [12], BST (Barium Strontium Titanate) [13], varactor
diode [14], and RF MEMS. YIG based tunable filters contain single-crystal Yttrium-
Iron-Garnet spheres in the resonator and are controlled by applying DC magnetic field
to change the ferromagnetic resonance frequency. These filters have multi-octave tuning,
spurious free response, low insertion loss, and high quality factors. However, their power
consumption, tuning speed, and weight are not suitable for low-cost portable wireless
systems.

BST is a ferro-electric material that can be used as the dielectric in thin-film
capacitors. Under paraelectric phase operation, the relative dielectric constant remains
large (e, ~ 300) and can be tuned with an applied electric field supplied by DC voltages
as low as 2-5 V [15]. BST capacitors have an I1P3 between 10-35 dBm, and due to their
planar nature, can easily be fabricated with integrated circuits.

Varactor diodes have a capacitance that varies with reverse bias voltage across
the diode. The advantage of varactor diodes is their fast switching speed, which is on
the order of ns (limited by the bias network), and their small size. However, under large
input signals the reversed bias diode turns on, which results in clipping, and creates
harmonics and sub-harmonics which limit the dynamic range when used in a filter. Also,

the low device Q at microwave frequencies results in a considerable loss when used in a



North America/Global Configuration

RTR6285

UMTS 2100 PRx

UMTS 1900 PRx

N

f&AAA

UMTS AWS PRx

UMTS2100 or AWS DRx

UMTS1900 DRx

UMTS800 DRx

GPS
GPS Ant

GSM 850 Rx

SPST
Switch

GSM 900 Rx

GSM 1800 Rx

UMTS850/ 800 Tx

] GSM 1900 Rx _D_‘D

A >y Gosek | X
GSM 850/ 900 Tx UMTSAWS T

>r Ty NN
UMTS LB Tx Polar GSM/ EDGE PA| i
UMTS1900 Tx
GSM 1800/ 1900 Tx qu
UMTS P/

UMTS HB Tx UMTS 2100 Tx|

UMTS HB Tx B D_D

RF PWR DET

TTYYTAAAA A AAA

Figure 1.3: A modern cell phone front-end with four GSM bands, four UMTS bands,
three diversity UMTS bands, GPS band for North American market.

tunable filter [16]- [17].

As discussed in section 1.1, an RF MEMS capacitive switch is an electro-
mechanical device which is able to changes its capacitance value in either an analog
or digital fashion with an applied DC voltage. These switches have low loss and high
Q (150-300) at RF and millimeter wave frequencies, and are very linear compared to
varactor and BST tuning technologies [18]. Table 1.3 shows a performance comparison
of different tunable filter technologies. It is clear from this comparison that none of
these filter technologies can simultaneously satisfy all of the requirements for the “ideal”
tunable filter.

The second subject area presented in this dissertation is the development of
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Figure 1.4: The same cell phone front-end of Fig. 1.3 (without diversity) built using
tunable filters and antennas.

high—performance tunable MEMS filters. An X-Band bandstop filter is demonstrated
that provides a high level of rejection (> 24 dB) over a limited bandwidth, which can
be used to suppress spurious tones, block jamming signals, and to increase the isolation
between the transmit and receive paths in high-power systems. The insertion loss of
the bandstop filter is minimized so as not to impact receiver sensitivity. The compact
low-loss bandstop filter is based on coupled folded A\/2 resonators with capacitive loading
and results in a Q of 135-60 from 11.34-8.82 GHz. The tunable filter is fabricated with
miniature RF MEMS switches and GaAs varactors, and the performance is compared. In
this work, for the first time, an analytic solution is presented for the effect of nonadjacent
inter-resonator coupling in the notch filter. The final topic described in this thesis is the
first demonstration of a suspended 3-pole RF MEMS bandpass filter with a Q of 50-150
from 1.6-2.4 GHz.



Table 1.3: Comparison of different tuning technolgies [2]

Parameter YIG | BST | Schottky Diode | p-i-nDiode | RF MEMS
Q 500-2000 30-150 30-150 R,=1Q 50 — 400
Tuning Range 2-18 GHz | C,=2-3 C,=3-5 High C,. =2-100°
Tuning Speed ms ns ns ns ,usd
Linearity, I1Ps(dBm)® ~20 10 — 35° 10 — 35° >33 >60
Power Handling (mW)* 50-200 20-200 10-100 High 100-10000
Power Consumption 0.5-5 W 0 0 20-30 mA 0
Temperature Sensitivity High High Low Low Low
Biasing Magnet High R High-R LC Choke High-R
Planar No Yes Yes Yes Yes
Cost High Low Low Low Low?!

e PIN diode used as a switch capacitor tuner (Rs = 1 ), 20-30 mA /diode.

e () values given for 0.1-10 GHz applications for all devices except RF MEMS.

e Linearity and power handling for band-pass filter: 2-pole, 3-5% bandwidth.

@ Q applicable for 0.1-100 GHz.

® Large values can be obtained as 1x3 arrays or anti-series diode pairs.

¢ MEMS used as an analog varactor or switched capacitor.

4 Miniature MEMS can be switched at 200-800 ns.

¢ Power Handling and linearity are in tunable networks (filters) and are not in 502 environments.

f Potential for low cost in high volume applications.



Chapter 2

Thin-Film RF MEMS Switched
Capacitors with Stress-Tolerance

and Temperature-Stability

2.1 Introduction

RF MEMS switched capacitors have been used extensively in a wide range of RF
switching and reconfigurable networks with excellent performance due to their low-loss,
high linearity, and low power consumption [1]- [24]. However, widespread insertion of
RF MEMS switches into conservative application areas has yet to occur due to ongoing
challenges in terms of reliability, power handling, packaging, and general robustness.
Stable operation over temperature is a necessary criterion for any electronics technology.

Fixed-fixed beam RF MEMS capacitive switches typically have a marked sen-
sitivity to temperature due to the fact the spring constant is highly dependent on the
in-plane residual stress, which can change over temperature, if a difference in the ther-
mal expansion coefficient (TCE) exists between the MEMS beam and substrate. The
mechanical membrane in RF MEMS switches is often comprised of a metal layer which
is anchored to an insulating substrate and results in a ~10-20 ppm/°C mismatch. Ther-
mally induced stress changes lead to actuation voltages that can vary by as much as -0.1
to -0.5 V/°C, depending on the particular choice of materials and device geometry [25]-
[27].

One approach used to mitigate this issue is to match the TCE of the suspended

10
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beam and the substrate materials [28]. This work has < 35 mV/°C actuation voltage
slope over a 150°C temperature range, but is achieved at the expense of increased thermal
and electrical bridge resistance, thus limiting the power handling capabilities. While the
use of TCE matched materials minimizes the change in beam stress versus temperature,
the spring constant of this device is still highly dependent on the initial in-plane stress,
which can be difficult to control repeatedly, and can lead to varying device performance
[28].

Another approach used to achieve temperature stability is to modify the switch
geometry to reduce the effect of the fixed anchors on the suspended beam. H. Nieminen
et al. demonstrated a pull-in voltage that varies less than 5% over a 100°C temperature
range (<-6.5 mV/°C) [29]. However, this design is very sensitive to vertical stress gra-
dients, making it difficult to realize in thin metal fabrication processes. M. Ulm et al.
presented a U-shape mechanical decoupling structure to reduce the temperature depen-
dence of the switch [30]. This design functions mechanically like a fixed-free cantilever
connected to a long and soft U-shaped spring, making it very sensitive to vertical stress
gradients, while also introducing un-wanted bridge inductance and resistance.

In this paper a symmetric circular switch geometry is investigated that can
be designed within a thin metal process (¢, < 0.5 um), while still tolerating moderate
vertical stress gradients of Ao < 20 MPa/um. The thin-film circular switch results in a
pull-in voltage slope of -55 mV /°C measured from -5-125 °C, which is achieved with low
bridge inductance and resistance (Ls = 2 pH, R; = 0.5 Q). This work is an extension to
results published in [31]- [33], and includes detailed design information, stress analysis,

and the effects of device topography.

2.2 Switch Design in the Raytheon RF MEMS Process

The spring constant of a fixed-fixed beam is given by K=K+ K5, where K1 is
determined by the geometry, material properties, and the moment of inertia, and Kj is
linearly dependent on the residual bi-axial beam stress. When the device is at a uniform
temperature T, the fixed anchors exert a force on the suspended beam that changes the

in-plane bi-axial beam stress as:

U(T) = Ores — [(abeam - asub)E(To - T)] (2.1)
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where o,.¢s is the initial residual stress at temperature 7, E is Youngs modulus, and «
is the TCE of the beam and substrate, respectively. For T > T, and Qpeqm >Qsup, the
initial tensile beam stress is reduced leading to a drop in the spring constant and actu-
ation voltage. At higher temperatures, the resulting beam stress becomes compressive
leading to buckling of the beam and device failure. Therefore, in order to provide robust
operation over temperature a perfectly symmetric circular geometry is investigated with
the goal of minimizing the contribution of Ky relative to Kj. It should be noted, that
in general achieving stress-tolerant and temperature-stable switches is easier with thick

metal beams since K; o 33 and Ky o tp.
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Figure 2.1: Top view of the RF MEMS switched capacitor (a), and device cross-section
without topography (b), and with (c).

The switched capacitor was designed within the Raytheon RF MEMS fabrica-

tion process to result in an up and down-state capacitance of Cy, = 50 fF and Cq = 1
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Table 2.1: Circular RF MEMS Switched Capacitor Dimensions

Parameter Value
rp (pm) 92
re (pm) 60
0, (deg) 45
0. (deg) 55
wg (pm) 10
we (pm) 5
tp (pm) 0.5
go (pm) 3.5

Cy,Cy (pF) 0.05/1

K(Ky,Ky)" (N/m) | 10.31 (7.55, 2.76)
V, (V) 28

I Simulated with o,.; = 60 MPa, Ag =
10 MPa/um

pF, respectively, which gives a capacitance ratio C, = Cy4/C,;, = 20. The top-view of
the switched capacitor and associated dimensions are shown in Fig. 2.1 and Table 2.1,
along with cross-sections without beam topography (Fig. 2.1b) and with (Fig. 2.1c).
The device is comprised of 0.5 pm-thick circular aluminum beam with r, = 92 ym that
is anchored symmetrically in four locations each with an anchor angle ,, and suspended
with a gap height g, = 3.5 pm above the bottom electrode. Arc-shaped cutouts with a
width w, = 5 pum and angle 6. are placed 25 pm in front of each anchor to reduce the
device sensitivity to residual bi-axial stress and temperature. The bottom electrode is
shaped as a cross-hair (with r, = 60 pm) to provide symmetric actuation and to facili-
tate arraying of the devices (see Section 1.3). The switched capacitor is implemented in
a shunt configuration on CPW transmission line and the device is actuated by supplying

a DC voltage between the ground and signal electrodes.

2.2.1 Trade-off Between In-plane Bi-Axial Stress and Vertical Stress
Gradient Effects

Due to the complex 3-D device geometry, finite element model (FEM) simula-
tions of the circular switch were performed in Coventorware [34]. The spring constant

is defined as the displacement (z) in the center of the beam due to a uniform pressure
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(p) distributed above the actuation electrode of area (a), such that K = (p*a)/z. The
simulation model assumes a Young’s modulus of E = 77 GPa and Poisson’s ratio of v =
0.3 for the aluminum beam, which is meshed with 3 um parabolic tetrahedral elements.
Fig. 2.2 presents the spring constant as function of the cutout angle 6., assuming an-
chors with a fixed angle of 45°, 0, = 0, = 0es = 60 MPa, 0.= 0, no underlying switch
topography, and no vertical stress gradient (i.e. Aoc= 0 MPa/um). Since the simulation
model excludes topography, the ideal switch anchors are fixed in all directions on the

side as shown in Fig. 2.1b.
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Figure 2.2: K, Ky, and Ky versus cutout angle (6.) with (o..s = 60 MPa, Ao =
0 MPa/um, 6, = 45°C, t, = 0.5 pm) (top), and Ky/K; versus 6. and initial vertical
displacement with (04, = 60 MPa, Ac = 5, 20, and 50 MPa/um) (bottom).

The total beam stiffness varies from 174.5-9.6 N /m for 6. between 0-70°, demon-
strating the wide range of available spring constants given the fixed size and thickness
of the beam. However, without cutouts (i.e. #c = 0°) K3 is dominant with a value of
162.8 N/m, demonstrating a marked sensitivity to residual stress and temperature. As
6. increases, K drops to 4.1 N/m (6. = 70°). The arc-shaped cutouts are essential for

robust device operation over temperature as they function to mechanically decouple the
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center portion of the circular plate from the effects of the fixed anchor. In general, to
achieve stable operation over temperature, 6. should be > 6,.

In order to model the effects of a vertical stepped stress gradient (Ac) on the cir-
cular switch, the aluminum beam is divided into two equal-thickness layers (¢;=to=t;/2)
(Fig. 2.2) which are assigned different in-plane stress values o;, and o2 such that the

average in-plane stress (O‘avg) remains constant with:

t t
Oavg = 011:;022 =60 MPa (2.2)
o1 — 03

43

Ao =

MPa/um (2.3)

Sputtered and evaporated thin metal films typically have a built in negative stress gra-
dient (i.e. o1 > 03), which is modeled by assigning the bottom layer of the beam L
a higher tensile stress than the top layer Lo. It should be noted, that the “two-layer”
stepped stress gradient (Ao), which is referred to in this thesis, can be converted into

an equivalent “linearized” stress gradient (Aoy,) with [1]:
3
Ao = iAO' (2.4)

Fig. 2.2 also presents the simulated ratio of Ky/K; versus 6., along with the initial
change in the vertical displacement (AZ) in the center of the beam for stress gradients
of Ao = 5, 20, and 50 MPa/um. A trade-off exists between the device sensitivity to
in-plane bi-axial stress and vertical displacements arising from stress gradients. As 6,
is increased, the device sensitivity to in-plane stress is reduced and Ky/K; drops from
1393% (6. = 0°) to 73% (6. = 70°). However, AZ increases with . and is 0.32 pum for
Ao = 20 MPa/pm and 6, = 70°.

Another degree of freedom in the switch design is the anchor angle 6,. Fig. 2.3
shows the simulated spring constant plotted versus 0, given a fixed arc-cutout angle of 6,
= 45°. The total spring constant varies from 5.8-120 N/m for 6, = 5-60°, while the ratio
of Ko/K; is 17-775% across this range indicating more in-plane stress dependence for
larger anchor angles. Fig. 2.3 also presents AZ versus Acg, which again illustrates the
trade-off between in-plane bi-axial stress dependence and vertical beam displacements
arising from stress gradients. Proper selection of 8, and 6. therefore requires some prior
knowledge of the vertical stress gradients in the mechanical beam layer. If the fabrication
process results in a high-stress gradient beam layer, then ¢ must be reduced for a given

0, in order to minimize AZ. However, if a low-stress gradient process can be achieved
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Figure 2.3: K;, Ko, and Ky versus anchor angle 0, with (0,.s = 60 MPa, Ao =
0 MPa/um, 6, = 45°C, t;, = 0.5 pm) (top), and K5/K; versus 6, and initial vertical
displacement with (04,9 = 60 MPa, Ao = 5, 20, and 50 MPa/um) (bottom).

in fabrication, then 6. can be increased to reduce the device sensitivity to in-plane bi-
axial stress and temperature. Ideally, to provide robust operation over temperature the
vertical stress gradient in the mechanical beam layer should be minimized allowing 8. to
be maximized for a given 6,.

The thin 0.5 pm aluminum beam as deposited by Raytheon has a typical average
in-plane stress of 60 MPa and a vertical stress gradient of Ao < 20 MPa/um. The

required spring constant can be calculated using [1]:

2TV, 2Cp

K 2.5
8402 (2:5)

once the nominal switch gap (go), up-state capacitance (Cy,p), and switch pull-in voltage
(V) are specified. Given the required spring constant and expected stress gradient,

base-line values for 6, and 0. can now be selected as shown in Table 2.1.
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2.2.2 Effects of Topography

Without planarization processes during device fabrication, the underlying to-
pography from the bottom electrode, dielectric, and thick gold post layers are transferred
into the MEMS beam, since the sacrificial layer deposition is a semi-conformal process.
The resulting topography of the sacrificial layer creates “vertical steps” in the membrane
that follow the location and height of the underlying layers and are therefore locally non-
symmetric and non-periodic. Periodic and symmetric vertical steps in the MEMS beam,
are often referred to as vertical “corrugations,” and have been used extensively in the
design of MEMS sensors, actuators, and RF MEMS switches to reduce stress and pro-
cess dependence, lower actuation voltage and spring constant, and improve temperature
stability [35]- [40]. While the non-symmetric vertical steps described here also function
to reduce the stress dependence of the beam, unlike corrugations, their asymmetry can
result in significant vertical beam displacement versus in-plane stress and temperature.
The bending moments created by the vertical steps in the beam must be balanced to
assure a stable up-state capacitance and actuation voltage.

Fig. 2.4a presents the top-view and cross-sections of four different cases of beam
topography for the circular switch. Case 1 represents a perfectly flat circular membrane
without any underlying topography, while case 2 depicts the topography in the beam
from both the 0.5 pm-thick bottom metal and 0.28 pm dielectric layers assuming a
sidewall angle 6, = 90°, and total vertical step height of s = 0.78 pm. Ideal anchors are
used in both cases 1 and 2. Case 3 represents only the topography in the anchor area
that is created when the sacrificial layer is spun and patterned on top of the 3 pm-thick
post metal. In case 3, the side-wall angle #; = 30° (based on measured profiles of actual
devices), while the step height is set by the sacrificial layer thickness g,. Case 4 is the
addition of case 2 and 3 and represents the real topography that exists in the circular
switch. The simulation models in all cases assume a surface conformality factor (SCF)
of 1 for the beam. While the height of the different vertical steps are fixed by the design
and fabrication process, in general the larger the vertical step the larger the bending
moment and amount of stress reduction.

The change in vertical displacement of the 0.5 pm-thick beam is simulated with
ores = 60 MPa at T' = 25°C and 95°C, given T, = 25°C, Ao= 0 MPa/um, and g, =
3.5 um (Fig. 2.4b). For case 1 (without topography) AZ = 0 pm at both 25°C and

95°C, while in case 2 the vertical steps in the beam profile create bending moments M;
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Figure 2.4: Top view and cross-sections of 4 cases of switch topography (a), and the
change in vertical displacement (AZ) of the beam versus x-axis position at both 25°C
and 95°C, with (0,es = 60 MPa, Ao= 0 MPa/um, and T, = 25°C) (b).



19

which yield an initial AZ = -0.9 pym in the beam center. For case 2, with T = 95°C, M;
reverses direction resulting in a maximum AZ = 2 pym. In case 3, the bending moments
My result in AZ = 0.45 and -0.54 pm at 25°C and 95°C, respectively. In case 4, M;
and My are in opposition leading to a reduced deflection of 0.16 um, and -0.21 pm, at
25°C and 95°C, respectively, resulting in a balanced design. These simulation results
show that the beam topography must be considered in the switch design as it results in
vertical beam displacements versus both initial in-plane bi-axial stress and temperature,
which if not minimized can lead to excessively varying up-state capacitance and pull-in

voltage.

2.2.3 In-Plane Bi-Axial Stress and Temperature Including Device To-
pography

For case 4 with g,..s = 0-180 MPa, the simulated spring constant is 7.55-11.68
N/m (Fig. 2.5a). With o, = 60 MPa, K = 8.95 N/m with K; = 7.55 N/m and
Ky = 1.4 N/m, resulting in Ky/K; = 18.5%. For comparison, an ideal rectangular
aluminum fixed-fixed beam with w = 80 ym, 1 = 121.6 pm, and t;, = 0.5 pm, results in
the same K7 as the circular design assuming a distributed force above the center third
of the beam [1]. However, with o,.s = 60 MPa, K increases to 71 N/m resulting in
a Ky/K; ratio of 840% demonstrating a high sensitivity to in-plane bi-axial stress and
temperature. Under a tensile beam stress the bending moments My from the anchor
topography dominate causing an initial upward deflection in the center of the beam of
0.09-0.29 pm for 0,5 = 60-180 MPa (Fig. 2.5b).

The spring constant and beam profile were simulated for T = -30°C to 120°C,
assuming o,es = 60 and 120 MPa at T, = 25°C (Fig. 2.6). In order to reduce memory
in the FEM simulations, the substrate is not included in the model, each beam anchor is
fixed in position, and the TCE of the aluminum beam (apeqm ) is reduced from 23.1 to 16.3
ppm/°C to account for the expansion of the alumina substrate (as,; = 6.8 ppm/°C).
The change in beam stress versus temperature results in a linearly decreasing spring
constant from 11.4 to 5.2 N/m for o,.s = 60 MPa, yielding a slope of -51.7 mN/m°C.

Fig. 2.6b presents AZ as a function of beam position and temperature for
ores = 60 and 120 MPa at T, = 25°C. The dominant bending moments M result in a
negative displacement for T' > T, and positive displacement for T" < T,. From -30°C to
120°C, the center of the beam displaces downward by ~0.4 um for both o,.s = 60 and
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Figure 2.5: Simulated spring constant and Ky/K; versus in-plane bi-axial stress (a),
and AZ versus beam position with (go = 3.5 um, o,.s = 60, 120, and 180 MPa at T, =
25 °C) (b).

120 MPa.

2.2.4 Vertical Stress Gradients and Temperature Including Device To-
pography

The presence of a vertical stress gradient in the circular switch leads to an
upward curling of the beam which results in a stiffening of the spring constant. For case
4 and with Ao = 5-50 MPa/um, K increases from 9.92 to 13.85 N/m while K5 /K rises
from 31.4-83.4% (Fig. 2.7a). Also, the center of the circular beam displaces upward by
0.19 to 0.68 pm for Ao = 5-50 MPa/um (Fig. 2.7b). For Ac > 20 MPa/um, AZ > 10
% go, which is non-ideal for this switch design.

Simulations of K versus temperature from -30-120°C were also performed for
Ao =5, 10, and 50 MPa/pum, and show a decrease in K of 6.3 N/m due to thermal stress
changes independent of Ao (Fig. 2.8a). The dominant bending moments My from the
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Figure 2.6: Simulated spring constant versus ambient temperature with (7, = 25°C,
ores = 60 and 120 MPa) (a), and the change in z-displacement versus beam position and
ambient temperature with (o,es = 60 MPa and 120 MPa) (b).

anchor topography again cause a downward beam deflection for T' > T, and an upward
for T < T, (Fig. 2.8b). With Ac =5 MPa/um, the average beam displacement above the
underlying actuation electrode deflects downward by -0.36 pm from -5-95°C, representing
an 10.2 % change in the nominal switch gap. When the switch is under a relatively high
stress gradient of 50 MPa/um, the average AZ above the actuation electrode is reduced
to -0.16 um from -5-95°C, as a result of the stiffer spring constant (Fig. 2.8b). These

simulations indicate that the vertical stress gradient should be minimized in order to
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Figure 2.7: Simulated spring constant and Ky/K; versus vertical stress gradients with
Oavg = 60 MPa (a), and change in z-displacement versus beam position for Ao from 5
to 50 MPa/um (b).

provide stable operation over temperature since V), o vV K, and go™?, while Cup x 1/go.

2.3 Compact Switch Arrays

VHF-UHF tunable filters and reconfigurable matching networks require high-
value switched capacitors. Achieving large capacitances with a single MEMS switch
necessitates either scaling the device size up to increase the capacitive area or reducing
the thickness of the dielectric, both of which are non-optimal choices. Another approach
is to array the single circular switch by connecting the actuation electrodes in the x-y
directions while keeping each beam mechanically separated (Fig. 2.9) [32], [6]. This is
possible due to the symmetry of the circular switch which facilitates low-series-inductance
interconnects between the separate devices resulting in a near ideal capacitor impedance.

This topology can also be extended to 4x4 or even 8x8 arrays, while the output can be
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taken from the “north” or “south” sides of the chip depending on it’s location in the
reconfigurable network. These device arrays can also be arranged together to provide
multi-bit capacitive tuners. Despite being mechanically separated, the individual circular

beams have been shown to act in perfect mechanical phase [32].

Output

Output

Output

Figure 2.9: Compact 3x3 switched capacitor array layout.

Compact 2x2 and 3x2 switched capacitor arrays have been implemented in a
2-port CPW transmission line to achieve down-state capacitance values of 4 and 6 pF,
respectively. The 2x2 and 3x2 arrays have areas of 0.343 and 0.462 mm?, respectively.
The short section of transmission line between each switch has an impedance of Zy =
66 2 and series inductance of 50 pH, and the equivalent circuit model is presented in

Section 2.7.4 (Fig. 2.22b).

2.4 RF Power Dissipation in the Circular MEMS Beam

The power dissipated in the MEMS bridge (P;) can be calculated using
2 2
Loss=1— |311| - |521| (26)

where this loss includes both the loss from the transmission line and the MEMS bridge.
This is particularly useful since the symmetric circular MEMS switch (in a CPW trans-
mission line), results in multiple impedance transitions from the nominal 50 €2 input and

output impedance.
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In order to extract only the power dissipated in the MEMS bridge, the switch
is simulated in a full-wave EM simulator Sonnet [41] with the aluminum bridge having
a finite conductivity (047 = 3.77x107 S/m), while the CPW transmission lines, switch
dielectric, substrate, and box walls are assumed lossless. The switch is simulated in
the up-state position at 10 GHz with gap heights of go = 4.1 pm and 2.73 pm (2/3go,
Vapplied = Vp) (Table 2.2). The 0.5 pm aluminum bridge dissipates 0.43-0.52% of the
incident power in the up-state position with Cy, = 51-70 fF, which for P;,, =5 W, results
in 21.9-26.1 mW of power dissipated in the MEMS bridge. In the down-state position
with Cy; = 1 pF, 1.03% of the incident power is dissipated in the bridge, which for P;,
=5 W, yields P; = 51.3 mW.

Table 2.2: Simulated Power Dissipated in the MEMS Bridge at 10 GHz with P;,, = 5

W.
Gap (pm) C (pF) | S11 (%) | Sa1 (%) | Pa (%) | Pa (mW)
4.1 0.051 0.641 98.930 0.434 21.9
2.73 0.070 1.147 98.330 0.523 26.1
0 (down-state) 1.000 73.238 25.736 1.026 51.3

The RF current distribution on the circular MEMS bridge is also simulated at
10 GHz in both the up and down-state positions with P, = 20 mW. In the up-state
position, the RF current is mainly concentrated in the thin 10 pgm switch springs and
the section of the beam directly above both the input and output transmission lines
(Fig. 2.10a). The current distribution in the down-state position is concentrated on the
input side of the circular beam above the underlying transmission line and in the switch
springs, since these areas presents a short circuit for the incoming power (Fig. 2.10b).
These respective current distributions are used to determine the position of the heat

sources in the steady-state thermo-mechanical simulations presented Section 2.5.

2.5 Steady-State Thermo-Mechanical Simulations

In this section, we show that the circular temperature-stable RF MEMS shunt
capacitive switch fabricated in the Raytheon process exhibits an increasing spring con-
stant and decreasing up-state capacitance under high-RF power levels. This results in
a device which does not suffer from self-actuation and can handle high-RF power levels
under cold switching applications.

Thermo-mechanical simulations of the switch in both the up and down-state
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Figure 2.10: Simulated RF current distribution on the circular RF MEMS switch at fy
= 10 GHz with P;,, = 20 mW in the up-state position with go = 4.1 pum (a), down-state
position (b), and placement of the heat sources in the up and down-state Coventorware
thermo-mechanical simulations (c,d).

positions are performed in Coventorware with the location and dimensions of the heat
sources shown in Fig. 2.10(c,d). In these simulations, a uniform power is applied on
all shown areas such that the total power dissipated in the bridge is between 2-32 mW
(up-state), and 25-75 mW (down-state). Since the skin depth is 0.79 pum at fy = 10
GHz, volumetric heat sources are used for the 0.5 pm-thick MEMS beam. Heat transfer
through conduction is considered while radiation and convection losses are ignored [1],
[42]. The temperature of the bridge anchors, underside of the bottom electrode, and
surrounding ambient are all set to T = 25 °C.

In the up-state position the peak temperature of the MEMS bridge occurs along
the x-axis and is 31.4-123.3°C for 2-32 mW, respectively (Fig. 2.11a). The thermal
conduction resistance of the suspended bridge is R.ong = AT/Q = 3070°C/W, where
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Figure 2.11: Simulated temperature distribution of the circular beam versus dissipated
power in the up-state position along the x-axis (a), y-axis (b) and in the down-state
position (c¢), all with Tympient = 25 °C, and Typenors fixed at 25°C.

AT is the temperature difference between the peak location and the initial ambient
temperature (°C), and Q is the rate of heat transfer (W). The thermal time constant of
the beam is 7 = VpC Reong = 106.2 us, where V, p, and C are the volume, density, and
specific heat of the suspended aluminum beam. When the switch is in the down-state

position, the areas of the beam which are in contact with the 0.28 pm silicon nitride and
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0.5 pm gold bottom electrode remain at ~T = 25°C, while the peak temperature occurs
in the elevated switch springs on the input side of the beam, which is T = 48.6°C, for P,
= 50 mW (P;,, = 4.37 W). The shorter length of the conduction path in the down-state
position results in Reppq = 472°C/W.
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Figure 2.12: Simulated change in z-displacement versus power dissipated in the bridge:
(a) the x-axis, (b) y-axis, with o,es = 60 MPa, Ac = 10 MPa/pum.

In the up-state position, the non-uniform temperature distribution of the beam,
which occurs under RF power, causes an increase in beam curvature and nominal switch
gap (Fig. 2.12). The simulated average AZ of the beam above the underlying electrode
is 0.25-0.63 pm for P; = 2 to 32 mW, given 0,5 = 60 MPa, and Ao = 10 MPa/um.

Fig. 2.13 presents the simulated K and average AZ above the circular portion
of the actuation electrode versus dissipated power in the bridge. For P; = 0-8 mW K
decreases from 10.3 to 9.95 N/m primarily from thermally induced stress changes in the
beam while above 8 mW the rising beam curvature leads to a linearly increasing spring
constant from 9.95 to 14.1 N/m for P; = 8-32 mW. Given K and the average AZ, V,
and C, are calculated assuming go = 3.9 pum (pre-release) (Fig. 2.13). The up-state
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capacitance varies from 50-45.5 fF while the pull-in voltage increases from 31.6-42.5 V

for P; = 0-32 mW.
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Figure 2.13: Simulated spring constant and average change in z-displacement above
the actuation electrode as a function of dissipated power in the bridge with .. = 60
MPa, and Ao = 10 MPa/um, and calculated up-state capacitance and pull-in voltage.

When the circular switch is in the up-state position and passing continuous RF
power, the beam is heated non-uniformly which leads to an increase in curvature that
results in a stiffer beam and larger nominal gap. This combination produces an increasing
V), versus dissipated power in the bridge. This implies that the circular switch should
not self-actuate under RF power which is in contrast to standard rectangular RF MEMS

capacitive switches which show marked sensitivity of V, versus RF power [28], [43], [44].

2.6 Fabrication

The circular switched capacitor is fabricated on a 4”7, 254 pm-thick alumina
substrate (e, = 9.8, tand = 0.0001) using an RF MEMS capacitive switch process de-
veloped at Raytheon Co. A 0.5 pum-thick gold layer is first deposited and patterned to
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define the bottom electrode of the capacitor (Fig. 2.14a). Next a Si,N, dielectric is
deposited and etched on top of the bottom electrode with a nominal thickness of ~0.28
pm (Fig. 2.14b). A 3 um-thick gold layer is next patterned to create the support posts
for the suspended membrane and to reduce conductor losses in the transmission lines
(Fig. 2.14c). Next the 0.5 pm-thick aluminum beam layer is deposited on top of a
thick sacrificial layer which is later removed with surface micromachining to release the
suspended membrane (Fig. 2.14(d-f)). A micrograph of both the single circular switch,

2x2 and 3x2 device arrays are shown in Fig. 2.15.

Sacrificial Layer
Elearode~—_ g f®

Alumina (a) (d)
Aluminum Beam —
SixNy Dielectric ™= ‘ H h
- =
(b) (e)
Thick gold post Beam Cutouts
—1L BN B r—

(c) ®)

Figure 2.14: Fabrication process for the circular RF MEMS switched capacitor.

The beam profile was measured post-release with a white light interferometer
which shows a planarity of < 0.3 um across the 184 ym diameter switch (Fig. 2.16). This
device has a measured post-release gap height of 3.9 ym in the center of the bridge and
corresponding actuation voltage of 33 V, which yields an extracted spring constant of
10.75 N/m with a measured C,;, = 44.5 fF. The actuation voltage of 4 circular switches
located at each respective edge of the 4” alumina wafer ranged from 31-35 V at room
temperature. Test structures were included on the mask to independently measure the
resulting in-plane bi-axial stress and vertical stress gradient but did not yield useful data
due to an incomplete release process. However, based on the measured switch profile
and extracted spring constant, the estimated stress gradient for this fabrication run is

~10-20 MPa/pm.



31

.;:q:»:-:-:;.
.‘ .. o o0 ]

o:‘ o0 6 0 6 © 0:0

598 pym

(b) 573 pm

Figure 2.15: Micrograph of the circular RF MEMS switched capacitor (a), and the 2x2
and 3x2 arrays (b).

2.7 Measurements

2.7.1 RF Measurements

All S-parameter measurements were performed on a Cascade probe station
equipped with a thermal chuck and microchamber with flowing nitrogen. The devices
were initially baked at 120°C for 10 minutes to remove any surface moisture. A unipolar
DC voltage is applied between the ground and signal electrodes to actuate the switches.
At room temperature, the shunt switch has < 0.3 dB insertion loss with > 14 dB return
loss up to 30 GHz (Fig. 2.17(top)). Most of the insertion loss at 30 GHz is from the
reflection coefficient (1 — |T'|?) and is due to Cy, = 45-50 fF. In real applications, the
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Figure 2.16: Measured switched capacitor profile taken post-release with a white light
interferometer. Inset shows measured and simulated beam profiles with (o4y9 = 60 MPa,
Ao = 10 MPa/pm).

insertion loss can be reduced with an input and output inductive matching section.

The up-and-down state capacitance, inductance and resistance of the switch
were extracted from fitting the equivalent circuit model (Fig. 2.18) to the measured
S-parameters (Fig. 2.17(top)). At room temperature C,, = 45 fF and Cy = 1.05 pF,
respectively (C,= 23.3). The bridge inductance and resistance are extracted in the down-
state and are Ly = 2 pH, and Rs; = 0.56 €2, respectively. The inductance is much lower
than a rectangular bridge with L, = 8-10 pH [1].

The measured insertion loss of the circular switch at 30 GHz increases from
0.27-0.38 dB for ambient temperatures from -5-95°C, respectively (Fig. 2.17(middle)).
This variation is due to an increase in the up-state bridge capacitance C;, from 43-
51 fF from -5-95°C (Note: Cy, = 45 fF at 25°C). Therefore, the nominal up-state
capacitance decreases for T<T, and increases for T>T,. This measurement agrees well
with the temperature simulations presented in Section 2.2.4, which predict that the
topography and bending moments in the beam will result in upward beam displacement
for T<T,, and downward for T>T,. The measured down-state capacitance did not
change across the 100°C temperature range. Also, after several temperature cycles, the
switches showed no change in either actuation voltage or up-state capacitance from the
initial measurements.

The insertion loss of standard Raytheon capacitive shunt switches [45] that
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Figure 2.17: Measured and fitted S-parameters for both circular switch states at 25°C
(top), and insertion loss of the circular switch (middle), and standard Raytheon capac-
itive switch (bottom) at T = -5°C, 25°C, and 95°C. (Fitted S-parameters use circuit
model in Fig. 2.18 with Cy, = 45 fF, Cq = 1.05 pF, Ry = 0.56 €, and L, = 2 pH)
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Figure 2.18: Half of the equivalent circuit model of the symmetric 2-port switched
capacitor.

were fabricated on the same wafer were also measured from -5 to 95 °C for comparison
(Fig. 2.17(bottom)). The standard switches are about 120 ym in width and 320 pym in
length, and are patterned on top of an ~45 Q0 CPW line with the top-view shown in
Fig. 2.17(bottom). It should be noted, that the beam of the standard switch is also non-
planar since the fabrication process is identical for both circular and standard designs.
The measured insertion loss of the standard device at 30 GHz increases from 0.131 to
0.889 dB from -5 to 95 °C, and is due to an increase in the bridge capacitance that is
the result of the topography in the MEMS beam. It should be noted that at 95 °C the
standard device shown in Fig. 2.18(bottom) is still operation with V,, = 12 V despite

the high insertion loss.

2.7.2 Pull-in Voltage vs. Temperature

To demonstrate the temperature robustness of the circular switch, the pull-
in voltage was measured from -5 to 125 °C for four devices located at each respective
edge of the 4”7 wafer (Fig. 2.19a). Standard Raytheon capacitive switches located near
each circular switch were also measured for comparison. The average pull-in voltage
slope versus temperature for the circular switch is -55 mV /°C with a range of -15 to
-100 mV /°C for the four measured devices. The variation in device pull-in voltage over
temperature is influenced by the resulting beam topography (see Section 2.2.2) which
is affected by fabrication tolerances. Some of the variation may also be due to differing
vertical stress gradients across the wafer, but more devices need to be tested in order
to confirm this. The standard Raytheon switches had an average pull-in voltage slope

of -310 mV/°C, with V}, = 33 V at 25°C. All of the standard switches buckled and
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were non-operational at 125°C, while the circular switches maintained a pull-in voltage

between 24-35 V.
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Figure 2.19: Measured pull-in voltage for both standard and circular devices versus
temperature for 4 die located across a 4” wafer (a), and measured vs. simulated pull-in
voltage versus temperature.

Fig. 2.19b presents the simulated pull-in voltage versus temperature with o,
= 60 MPa, Ao = 0 and 10 MPa/um, and gy = 3.9 pm at 25°C. This nominal gap height
is selected to match the measured device shown in Fig. 2.16 and 2.17. Simulations
predict a voltage slope of -110 mV/°C for the two separate cases (i.e. Ao = 0 and 10
MPa/pum) which fits well with the measured value of -100 mV /°C for this particular

device.
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2.7.3 Mechanical Measurements

The mechanical resonance frequency and switching speed of the circular switch
are measured using the setup shown in Fig. 2.20. For the mechanical resonance frequency

measurement the switch is subjected to a force given by
F < Vigrat? = (Vae + Vigcos(wigt) + Vrfcos(wot))2 (2.7)

where the first two terms are supplied by the universal source with V. = Vjy = 10 V,
and fiy is swept from 1-200 kHz. RF power at 10 GHz is supplied to the switch and
the amplitude modulated (AM) output is measured with the spectrum analyzer [1]. The
measured mechanical resonant frequency is fo = 95 kHz with a fitted quality factor of
Qm = 1.65 (Fig. 2.21a). The damping coefficient of the circular switch in a nitrogen gas
at room temperature and standard pressure (p = 101 kPa) is extracted using

K

b pu—
WOQm

(2.8)

and is 1.0927° N/(m/s), for K = 10.75 N/m.

Temperature Controlled
RF Source 6-12 GHz . Enviromental Chamber
(HP 83623A) Isolator Bias Tee [(Cascade Mircotech 9600)

— _—1
—{ DUT }—-
500 Bias Tee
= Universal
Source —
Spectrum
Oscilloscope Analyzer
(Tektroniix 2430A)
Detect BTB
erector Waveguide-Coax
(Kr(—ytar 301B) Transition
H
L.

Figure 2.20: Switching speed and mechanical resonant frequency measurement setup.

A 2-D damping simulation is performed in Coventorware which utilizes the
finite element method to discretize the linearized Reynolds equation. The solver also
employs flow resistance models based on the full Navier-Stokes equations to include

the additional fluid resistance from hole and edge effects. The simulation is performed
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Figure 2.21: Measured switching speed at 25°C and 95°C (a), and the measured and
fitted mechanical resonance frequency of the circular switched capacitor (b).

assuming a nitrogen gas with a mean free path of A = 0.061 ym, T = 300°K, and p =
101 kPa. For a gap height of gy = 3.9 um, the simulated damping coefficient is 1.1527°
N/(m/s) which shows good agreement with the extracted value.

The measured switching time at 25°C from up-to-down state is 9.6 us with a
release time of 4 us for a device with V}, = 33 V, go = 3.9 um, and V5.4 = 40 V (Fig.
2.21b). At 95°C, the switching time from up-to-down and down-to-up are 9.2 and 8 us,
respectively (Fig. 2.21b). At 95°C, the switching time from up-to-down is reduced due

to a lower spring constant and nominal switch gap, while the release time increases as a
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Table 2.3: Switched Capacitor Measurements.
Cup(F) | C4(pF) | Rse () | Qa (Zg=-j5082) | Freq. (MHz)

1x1 51 1.00 0.56 84.8 3127
2x2 305* 3.95 1 a0 806
3x2 450* 5.89 0.85 58.8 941

* Includes all parasitics between input and output ports

result of the lower release force given by F, = Kgo.

2.7.4 Switch Array Measurements

Two-port 2x2 and 3x2 CPW implemented shunt switched-capacitor arrays, such
as the ones shown in Fig. 2.16b, were measured from 300 MHz to 10 GHz. The measured
up-state insertion loss at 10 GHz is -0.91 and -1.64 dB, while the down-state isolation
with V,, = 34 V is -16.0 and -19.3 dB for the 2x2 and 3x2 arrays, respectively (Fig. 2.22a).
Fig. 2.22b presents the equivalent circuit model for the switched capacitor arrays which
is fitted to the measured S-parameters (Fig. 2.22a). The measured capacitance of the
2x2 and 3x2 arrays are C,;, = 305 fF, 450 fF and Cy = 3.95 pF, 5.89 pF, respectively.

The measured down-state switch impedance of the single device, 2x2, and 3x2
arrays were extracted from the measured S-parameters and plotted with the ideal down-
state impedance (Zjgeqt = 1/jwCy) (Fig. 2.23a). The 2x2 and 3x2 arrays (Cq4 = 3.95,
5.89 pF) result in an impedance of 135-4 Q and 91-3 Q at 0.3-10 GHz, respectively. These
devices act as near-ideal capacitors over a 33:1 frequency range due to the low-series-
inductance.

The quality factor of the 2-port switched capacitor is

_ limag(Z12)|

@= real(Z12) (2.9)

where Z15 is calculated from the measured S-parameters. Fig. 2.23b presents the mea-
sured down-state quality factor (Q4) which appears “noisy” at the lower frequencies due
to the high device impedance. In order to extract an accurate quality factor at the lower
frequencies, the equivalent resistance and capacitance are extracted directly from the
measured S-parameters and used in Qg = 1/(wRs.Cy) (dashed line in Fig. 2.23b). The
down-state quality factor is specified at the frequency where Z; = —3550 Q and is sum-
marized in Table 6.2 along with the extracted R, and Cy values. The down-state quality
factor of the 3x2 array is 58.8 compared to 50 for the 2x2 array due to the additional
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Figure 2.22: Measured and fitted S-parameters for both the 2x2 and 3x2 arrays (a),
and equivalent circuit model for an NxM array.

parallel connection and lower R,.. The calculated quality factor of the switch arrays in

the up-state is > 1000 at 806 MHz and 541 MHz for the 2x2 and 3x2 arrays, and cannot

be measured accurately via S-paramete

TS.

2.7.5 Power Handling Measurements

The power handling of the RF MEMS shunt switched capacitor was measured

at room temperature under continuous RF power at fo = 10 GHz using the measurement

setup shown in Fig. 2.24. The RF power supplied to the DUT was gradually increased,
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Figure 2.23: Measured and ideal down-state switch impedance(a), and measured and
calculated down-state quality factor (b)

and at each power level the switch pull-in voltage was recorded. If the switch failed to
release once the DC bias was removed the RF power was gradually lowered until the
switch returned to its initial position. With this test setup a maximum power of 5.2 W
was available at the device while the DC supply voltage was limited to 50 V.

The measured pull-in voltage as a function of RF power level is shown in Fig.
2.25 for both the standard Raytheon and circular RF MEMS switched capacitors. A
total of 10 circular switches and 2 Raytheon devices were tested under RF power and
the data shown in Fig. 2.25 is representative of the devices tested. The actuation voltage
of the circular switch decreases linearly from 38-28 V for power levels from up to 1.2
W, before remaining relatively constant up to 2.5 W. Above 2.5 W the switch pull-in
voltage increases rapidly and is > 50 V for power levels > 3.5 W.

Self-actuation of the circular MEMS switches did not occur for power levels up
to the maximum available of 5.2 W. However, under hot switching conditions a power

level > 1.38 W was sufficient to cause “latching” of the switch from the effective V5.



41

Temperature Controlled
RF Source 6-12 GHz | Enviromental Chamber
(HP 83623A) Isolator  [(Cascade Mircotech 9600)

TWT

(Hughes 8010H) <90 Q

— DC Actuation

Oscilloscope Signal
(Tektroniix 2430A)
BTB
20 dB ,
Detector Attenuator Vaveguide-Coax
(Krytar 301B) (8482A) Transition
e m) v
-, VW

Figure 2.24: Power handling measurement setup.
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Figure 2.25: Measured pull-in voltage versus continuous RF power (fy = 10 GHz) for
both the standard Raytheon and circular RF MEMS shunt capacitive switches. Micro-
graphs of the circular switch taken at 0 and 5.2 W.

For the standard Raytheon device, the pull-in voltage decreased linearly from 35 V until
self-actuation occurred at 4.77 W. Fig. 2.25 also presents micrographs of the circular
MEMS switch under incident RF power levels of 0 and 5.2 W, which clearly shows the
curvature of the beam at 5.2 W. The experimental data is in good agreement with the

simulations presented in Fig. 2.13.
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2.8 Summary

This chapter presents a new design of a thin-film RF MEMS capacitive switch
with improved tolerance to bi-axial stress and temperature variations. The design pro-
cedure shows that there is a trade-off between sensitivity to bi-axial stress and dis-
placements arising from vertical stress gradients. This work also shows that the device
topography has a strong effect on both the initial beam position and displacement versus
temperature and cannot be neglected. The circular MEMS switch also results in low-
series-inductance NxM arrays which lead to very large switched capacitors for 300 MHz
to 10 GHz applications. The switch is tested under continuous RF power at 10 GHz and
both simulations and measurements show that the non-uniform temperature distribution
of the bridge under RF power causes a decreasing up-state bridge capacitance and an
increasing spring constant. This combination results in a switch that does not suffer
from self-actuation up to RF power levels of 5.2 W.

Chapter 2 is mostly a reprint of the material as it appears in IEEE Journal
Microelectromechanical Systems, 2010. Isak Reines, Brandon Pillans, and Gabriel M.
Rebeiz. The dissertation author was the primary author of this material. This chapter
also includes material published in IEEE MTT-S Int. Microwave Symposium, 2010.
Isak Reines, Brandon Pillans; and Gabriel M. Rebeiz. The dissertation author was the

primary author of this material.



Chapter 3

Second Generation of
Temperature-Stable
Stress-Tolerant Capacitive
Switches in the Raytheon RF
MEMS Process

3.1 Introduction

In this chapter, we present the measurements of the second generation of stress-
tolerant and temperature-stable RF MEMS switched capacitors that are designed and
fabricated within the Raytheon RF MEMS process. The primary goal of these de-
signs is to improve the impedance match and to reduce the insertion loss of the CPW-
implemented shunt switch capacitor presented in Chapter 2. A smaller design is also
included to investigate the scalability of the circular switch for higher frequency applica-
tions. Four switch designs are presented, two of which are slight variants of the baseline
design from Chapter 2, and the other 2 with reduced dimensions and lower capacitances.
All of the switches are placed in the standard Raytheon 2-port CPW test structure
with additional matching inductors located on either side of the device to improve the

impedance match.

43
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3.2 Device Design Variations

Table 3.1 presents the particular layout dimensions which differ from the base-
line design presented in Chapter 2. Unlike the baseline switch, these designs have 17
additional 2x2 um size release holes which are placed in the anchors areas to assure a
repeatable and complete removal of the photo-resist sacrificial layer during the dry re-
lease process. It should be noted that all other switch dimensions are identical to those

presented in Chapter 2 (Table 2.1).

Table 3.1: Second Generation Temperature-Stable RF MEMS Capacitive Switch
Dimensions.

Design rp (um) 7, (pm)  Actuation Tabs

Gen2 92 60 Y
Gen2-NT 92 60 N

Gen2-S 82 45 Y
Gen2-S-NT 82 45 N

As mentioned in Chapter 2, the bottom electrode of the switched capacitor is
shaped like a cross-hair in order to provide symmetric actuation and to facilitate arraying
of the devices. Inclusion of the symmetric “actuation tabs” on the “north” and “south”
side of the bottom electrode requires that a section of the CPW ground plane is removed
to keep a minimum spacing. This increases the device loss since the RF current path
along the ground plane becomes longer. As shown in Table 3.1, designs splits have been
included for both switch sizes to study the effects of removing the “actuation tabs” on the

device performance. Figure 3.1 presents the micrographs of the four design variations.

3.3 Measurements

3.3.1 Pull-in Voltage vs. Temperature

The pull-in voltage of four switches of each design type was measured versus
ambient temperature from -5-95°C in a microchamber with flowing nitrogen (Fig. 3.2).
Standard Raytheon switches located near each circular switch were also measured for
comparison and a summary of the average pull-in voltage slopes is presented in Table
3.2. All of the circular design variants demonstrated a high robustness to ambient tem-
perature with pull-in voltage slopes ranging from only -22 to -36 mV/°C, compared to

-225.1 mV/°C for the standard Raytheon switch. In both design splits, the pull-in volt-
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Figure 3.1: Micrograph of the Gen2 (a), Gen2-NT (b), Gen2-S, and Gen2-S-NT (d)
RF MEMS switched capacitor design variations.

age slope is lower for the designs without the symmetric “actuation tabs” (i.e. designs
Gen2-NT, Gen2S-NT), which can be explained by the fact that the change in the gap
height versus temperature is larger in the area above the “actuation tabs” compared to
in the center of the beam as shown in Chapter 2 (Fig. 2.8 with 0,4,y = 60 MPa, and Ao
= 5 MPa/um). Therefore, by removing the tabs, a more stable pull-in voltage versus

temperature can be achieved.

3.3.2 RF Measurements

S-parameters were measured from 0.1-40 GHz in both the up-and-down state
positions and versus ambient temperature with each curve in Fig. 3.3 representing the
average of four measured switches. At room temperature the circular Gen2 design has <

0.5 dB of insertion loss and > 14 dB of return loss up to 40 GHz with C,, = 44 {F (Fig.
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Figure 3.2: Measured pull-in voltage vs. temperature of the (a) Gen2, (b) Gen2-NT,
(c) Gen2-S, and (d) Gen2-S-NT RF MEMS switched capacitors.

Table 3.2: Average pull-in voltage slope vs. temperature.

Design V, Slope (mV/°C)
Gen2 -29.6
Gen2-NT -22
Gen2-S -35.8
Gen2-S-NT -28.7
Standard -225.1

3.3a). The Gen2-NT switch has 10 fF less fixed parasitic capacitance with Cy, = 39 {F,
resulting in < 0.33 dB of insertion loss and > 16.6 dB of return loss up to 40 GHz. The
standard Raytheon switch with Cy, = 39 fF has < 0.31 dB of insertion loss and > 13.6
dB of return loss up to 40 GHz. In the down-state position with Vj;,s = 40 V, the Gen2
and Gen2-NT designs have ~19 dB of isolation at 40 GHz, while the standard switch
has ~25 dB (Fig. 3.3c).
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Figure 3.3: Measured up-state S-parameters of the (a) Gen2 and Gen2-NT designs, (b)
Gen2S and Gen2S-NT, and down-state isolation for the (c)Gen2 and Gen2-NT designs,
and (d) Gen2S and Gen2S-NT.

The smaller Gen2-S design with Cy;, = 33 fF, has < 0.375 dB of insertion loss
and > 17 dB of return loss up to 40 GHz (Fig. 3.3b). Without the “actuation tabs,” the
smaller design has Cy, = 27 fF, < 0.35 dB of insertion loss, and > 23 dB of return loss up
to 40 GHz. In the down-state position with Vj;.s = 40 V, the smaller designs have ~14
dB of isolation at 40 GHz (Fig. 3.3d). The extracted up-and-down state capacitances

and capacitance ratios for all design variants are summarized in Table 3.3.

Table 3.3: Generation2 Raytheon RF MEMS Switch Capacitance Values.

Design Cup (fF) Cq (pF) C,
Gen2 44 1.23 28
Gen2-NT 39 1.20 30
Gen2-S 33 0.73 22
Gen2-S-NT 27 0.70 26
Standard 39 1.6 41

In the up-state position and at room temperature, the standard Raytheon ca-
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pacitive switch has ~0.05-0.1 dB lower insertion loss compared to the Gen2-NT design
depending on the particular frequency due to a series resistance in the transmission line
of only 0.2 2. While the inductive matching section used in the circular designs improves
the return loss, it also increases the resistance of the transmission line with Ry, = 0.58
for the Gen2 and Gen2-NT designs. Fig. 3.4 presents the up-state S-parameters at 95°C
for both the Gen2-NT and standard switch designs. At 95°C, all 3 standard switches
are operational with pull-in voltages between 16-19 V, however the insertion loss of 2
of 3 of the standard switches has increased from 0.31 dB at 25°C, to 0.54 dB and 0.89
dB, respectively. The loss increase at 95°C is due to a larger up-state capacitance that

results from the topography and bending moments in the standard design.

0

Sp1 (dB)

o 10 20 30 40
Frequency (GHz)

Figure 3.4: Measured up-state S-parameters at 95°C of the Gen2-NT and standard
switch designs.

3.4 Packaging Considerations

RF MEMS capacitive switches are very sensitive to humidity and contaminants,
and therefore they must be packaged in a dry nitrogen environment to facilitate reliable
operation. Both thin-film encapsulation techniques [46]- [47] and wafer-to-wafer bonding
[48] require packaging temperatures between 250-300°C, which may not be compatible
with the RF MEMS device. For example, plastic deformation of the MEMS beam may

occur at these high temperatures which would permanently alter the device performance.
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In the case of a thin-film package, where the top of the package may only be several
microns from the beam, these high temperatures could cause the bridge to touch the
lid of the package. In order to study the impacts of packaging, the Gen2-S design is
simulated versus ambient temperatures from 25-275 °C, assuming 04,y = 60 MPa, and
Ao = 10 MPa/pm.

Fig. 3.5 shows the change in displacement (AZ) in the center of the Gen2-S
164 pm diameter beam, and the spring constant versus ambient temperature. From 25-
275°C, the center of the beam deflects upward from 0.18-1.85 um, due to the topography
and bending moments in the beam. Across this temperature range, the spring constant
decreases from 10.4-2.5 N/m due to thermally induced stress changes in the beam. These
results indicate that if thin-film encapsulation packaging techniques are to be used, that
the upper lid should be placed >2 pum from the circular membrane. It is important to
note, that no plastic deformation of the 0.5 ym aluminum beam has been observed up to
300°C. These results indicate that the device can be hermetically packaged using either

thin-film encapsulation or wafer-to-wafer bonding techniques.
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Figure 3.5: Simulated change in beam displacement AZ and spring constant vs. am-
bient temperature of the Gen2-S design from 25-275°C, assuming 04,y = 60 MPa, and
Ao = 10 MPa/pum.
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3.5 Summary

In this chapter we presented four temperature-stable and stress-tolerant RF
MEMS switched capacitors that are fabricated in the Raytheon RF MEMS process.
It has been demonstrated that the insertion loss, return loss, capacitance ratio, and
temperature robustness of the circular capacitive switch can be improved without the
symmetric “actuation tabs,” which should only be used when cascading the devices in
N x M arrays. The Gen2-NT device with Cy, = 39 fF and C; = 1.2 pF, has a measured
pull-in voltage slope of only -22 mV /°C from -5°C-95°C compared to -225.1 mV /°C for
the standard Raytheon switch.

At 25°C, the Gen2-NT design has ~0.05-0.1 dB of additional insertion loss
compared to the standard Raytheon design from 0.1-40 GHz. However, at 95°C the
Gen2-NT design has a more repeatable and lower insertion loss at 40 GHz compared to
the standard design since the up-state capacitance is more stable versus temperature.
A smaller circular design has been demonstrated with C,, = 27 {fF, C; = 0.7 pF, and
a measured pull-in voltage slope versus temperature of only -28.7 mV /°C from -5-95°C.
The temperature robustness of the smaller Gen2S-NT design shows the scalability of the

circular design for higher frequency applications.



Chapter 4

Cascadable RF MEMS Switched
Capacitors for 0.1-2 GHz
Applications

4.1 Introduction

RF MEMS tunable capacitors are attractive devices for reconfigurable systems
due to their very linear and low-loss performance [1]. They have been used in many
different RF /microwave filters and matching networks with excellent performance [49]-
[22]. Commonly used rectangular fixed-fixed beam RF MEMS switches are sensitive to
residual bi-axial beam stress which leads to a varying actuation voltage and up-state
capacitance versus temperature, while also reducing device uniformity across the wafer
and from wafer-to-wafer lots [25]. Previously, a novel RF MEMS switched capacitor
based on a circular beam geometry demonstrated a pull-in voltage slope of only -50
mV/°C from -5°C to 95°C [31]. The stress-tolerant and temperature-stable circular beam
design also results in low-series-inductance arrays for high value capacitive networks

making them ideally suited for VHF and UHF reconfigurable applications.

4.2 UCSD Switch Design

The top view and cross section of a single shunt switched-capacitor are shown

in Fig. 4.2. The device is based on a circular beam geometry which is anchored sym-

o1
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metrically in four locations. Arc-shaped cutouts are placed in the beam next to each
anchor to reduce the sensitivity to residual biaxial stress and temperature. The bot-
tom electrode of the switched capacitor is shaped as a cross-hair in order to provide
symmetric actuation and to facilitate arraying of the devices. To reduce the effects of
dielectric charging, the switched capacitor is actuated by supplying a 10 kHz bipolar

voltage between the ground and signal electrodes.

= 125um
Quartz (h = 508 pm)
(b)

Figure 4.1: Single device layout in a CPW configuration: (a) top view, (b) cross section.

Due to the complex geometry of this device, electro-mechanical simulations
were performed in Coventorware [34]. The simulated spring constant, defined as the
displacement in the center of the beam due to a distributed force in the area above the
actuation electrode, is 42.5 N/m for a residual tensile beam stress of 100 MPa. The sim-
ulated pull-in voltage is V,, = 47 V for a nominal gap of 2.5 ym. The calculated up-state
capacitance is 50 fF including a 30% fringing coefficient. The down-state capacitance
is 2.1 pF assuming an effective permittivity of e, = 3.7 (0.5¢, = 7.4 for SizNy). Modal

analysis was also performed on the structure resulting in a first resonance mode at 85
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kHz. The single switch cell can be arrayed to obtain larger value capacitances as shown
in Fig. 4.2. This is achieved by connecting the pull-down electrodes together in both

the x and y directions, while keeping the different circular beam switches mechanically

separated.

559 um

747 um

532 ym

Cs (fF) [Cp (fF)| Ls (pH)|[ L1 (PH)| Rs (Q) | R1(Q)
51/2740 6 2 15 0.6 2

Figure 4.2: Two-port switched capacitor arrays and equivalent lumped-element circuit

models.

4.3 Fabrication

The switched capacitors are fabricated on a 508 pm-thick quartz substrate (e, =
3.78, tand = 0.0001) using a standard RF MEMS capacitive switch process developed
at the University of California San Diego. The bottom electrode is a sputtered layer of
Ti/Au (200/3500 A). A 1700 A thick layer of PECVD-deposited Si3Ny is patterned to
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form the dielectric layer of the switch. PMMA with a thickness of 2.5 um is deposited
and patterned to define the sacrificial layer. The MEMS bridge is made from a sputtered
layer of Ti/Au (200/8000 A) in which the bottom Ti layer is removed later during the
release process. The transmission lines and bridge anchors are electroplated with 1.5
pm thick gold. Next, the bridge metal is selectively etched to define the cutouts in the
beam. To release the switch, the sacrificial layer is removed in hot solvent before being
dried in a COq super-critical point drier.

An optical picture of a fabricated device is shown in Fig. 4.3. The post release
height of the MEMS bridge is 2.5 pm measured with a white light interferometer. The
measured actuation voltage of the switch is V), = 44 V which yields an extracted spring

constant of k = 45 N/m.

Port 1 Port 2
—{Zo,La}-—Zo.La =

Zo=68Q Cu=51fF

L =65 um Cd =2.6-2.9 pF
a=0.1dB/cm 32 pH
at1 GHz

06Q

Figure 4.3: Two-port shunt switched capacitor and its equivalent lumped-element cir-
cuit model.

4.4 Measurements

Two-port 1x1, 2x2, and 3x2 shunt switched-capacitors such as the ones shown
in Figs. 4.2 & 4.3 were measured from 50 MHz to 6 GHz. All measurements were
performed in lab ambient with no flowing nitrogen. The up-and-down-state capacitances
were extracted by fitting the measured S-parameters to the equivalent lumped-element
circuit models (Fig. 4.2). The extracted capacitances for the single 1x1 device are C,, =
51 fF, and C; = 2.6 pF (C, = 51) for an actuation voltage of 46 V (Fig. 4.3). The Cy
values varied from 2.6-2.9 pF for the individual switches due to variations in the SigNy
dielectric thickness across the wafer.

Metal-insulator-metal capacitors were measured on the same device wafer and

show a SisNy dielectric permittivity of €, = 7.4. The effective permittivity of the RF
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Table 4.1: 1-port Switched Capacitor Measurements.
Cy(fF) | C4(pF) | Rse (Q) | Qq (Zg=-j50Q) | Freq. (MHz)

1x1 51 2.74 0.60 83 1149
2x2 247 11.22 0.97 52 284
3x2 373 17.49 0.80 63 182

MEMS device dielectric is €. = 4.4 (0.6¢,) due to a relatively smooth dielectric process
(a 40-50 % roughness factor is typical in our technology). The single switched capacitor
has only 2 pH of inductance with a resistance of 0.6 2 that is dominated by the thin
3500 A bottom metal (Fig. 4.3). The bottom metal should be increased in future designs
to improve the device quality factor.

The equivalent circuit models for the 2x2 and 3x2 arrays and associated param-
eter values are shown in Fig. 4.2. The arrays include a short section of high impedance
transmission line between devices, which is modeled as a series inductance of 15 pH and
a shunt capacitance of 6 fF. The extracted capacitance for the 2x2 and 3x2 arrays are
Cy = 241 fF, 367 fF and C4 = 11 pF, 16.6 pF, respectively. Both the single device
and switch arrays were simulated the up-and-down state positions in a full-wave EM
simulator Sonnet [41]. The measured and simulated S-parameters for both switch states
are shown in Figs. 4.4 & 4.5, and show good agreement.

S-parameters were measured from 0.1-3 GHz from one-port 1x1, 2x2, and 3x2
switched capacitors in order to extract the down-state quality factor. The up-state
quality factor is very-high and cannot be measured accurately using S-parameters. The

)

measured down-state factor (Fig. 4.6) is “noisy” at the lower frequencies due to the
high device impedance. In order to extract an accurate quality factor, the series switch
resistance and down-state capacitance were extracted directly from the measured S-
parameters and used in Q = 1/(wC4Rse) (dotted line in Fig. 4.6). The quality factor
is specified at the frequency where the down-state capacitor impedance is Z; = -j50 2
(Table 4.1). The 3x2 array has a lower series equivalent resistance (Rs.) compared to
the 2x2 array due to the additional parallel connection.

The measured and ideal down-state impedance are shown in Fig. 4.7. The 2x2
and 3x2 arrays (Cy = 11.22, 17.49 pF) result in an impedance of 144-7 Q2 and 91-4 Q
from 100-2000 MHz, respectively. These devices act as near-ideal capacitors over a 20:1

frequency range with very low-series inductance.

The RF power handling of the switched capacitors was also tested under a
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Figure 4.4: Measured and simulated S-parameters in the up-state position (a) insertion
and return loss (b) insertion phase.

continuous power at 1 GHz, and the release voltage was monitored versus the incident
power level. The 2x2, and 3x2 arrays handled 400 mW under hot-switching conditions
before “latching” occurred [43]. For a release voltage of 10 V, and a shunt impedance of
10-20 € for the 2x2 and 3x2 arrays, one would expect a hold-down power of 3.1-12.5 W,
respectively (assuming no heating effects) [44]. Therefore the measured power handling

is being limited by dielectric charging [50]. The arrays are well suited for UHF and VHF
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Figure 4.5: Measured and simulated S-parameters in the down-state position.

tunable filters and matching networks.

The measured frequency response of the 1x1, 2x2, and 3x2 switched capacitors
are shown in Fig. 4.4a. The simulated mechanical resonance frequency is 85 kHz. The
measured response of the 1x1 device shows good agreement with theory (f, = 85 kHz,
Qm = 0.28). The switch is over-damped, and future designs should include small holes
in the membrane to reduce squeeze film damping. The 2x2 and 3x2 arrays show nearly
the same mechanical resonance frequency and Q,,.

For the switching speed measurement, a 60 V unipolar voltage at 10 Hz is
applied through the bias tee and the device is injected with 10 dBm of power at 10 GHz.
A switching speed of 18.8 us was measured for the up-to-down switch transition for a 1x1
device. The measured switching time for the 2x2 and 3x2 arrays were within +/- 0.5 pus
of the 1x1 device. The down-to-up switching speed could not be measured accurately

due to significant dielectric charging induced by the 60 V unipolar voltage.

4.5 Summary

A cascadable RF MEMS switched capacitor technology has been demonstrated
for 0.1-2 GHz applications. Future improvements should concentrate on a thicker 1 pym
bottom metal for a higher electrical QQ, additional release holes in the beam to reduce

the switching speed, and a rougher and thicker dielectric for charging mitigation (at
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Figure 4.7: Measured and ideal down-state switched capacitor impedance.
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the expense of a lower down-state capacitance). The topology can be extended to 4x4
or even 8x8 arrays with low-inductance. The output port can also be taken from the
“north” or “south” sides of the chip, depending on its placement in the tunable network.
These device arrays can also be arranged together to provide multi-bit capacitive tuners.

Chapter 4 is mostly a reprint of the material as it appears in IEEE Int. Mi-
crowave Symposium, 2009. Isak Reines and Gabriel M. Rebeiz. The dissertation author

was the primary author of this material.
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Chapter 5

A Robust High Power-Handling
(>10 W) RF MEMS Switched

Capacitor

5.1 Introduction

Many reconfigurable front-end transmit applications require hot-switching op-
eration under high power conditions. The power handling of RF MEMS capacitive shunt
switches is limited by both the effective RMS voltage of the microwave signal and the
non-uniform heating of the MEMS beam due to the dissipated power [44]- [42]. Under
continuous RF power the limiting failure mechanism is “latching” of the MEMS beam
which occurs when the RMS voltage from the incident power is greater than the device
release voltage [43].

Recently, H. Yamazaki et al. reported a tunable RF MEMS capacitor with 5
W of continuous power handling at 2 GHz and 85°C with an actuation voltage of 21
V. However, this design requires 2 metal-insulator-metal (MIM) capacitors to reduce
the RF voltage across the MEMS device which increases the overall die size and limits
the obtainable capacitance ratio with a demonstrated C, of 2.9 [51]. C. Palego et al.
previously reported an RF MEMS switched varactor based on a double-step beam, that
resulted in 10 W of hot-switched power handling at 3 GHz with a C, = 7-8, but this
varactor has a pull-in voltage of 115 V which is unpractical for many applications and

also leads to enhanced dielectric charging [52].

61
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In this chapter, we present a > 10 W hot-switched MEMS switched capacitor
with a pull-in voltage < 30 V and a C, = 5.7. The switch utilizes a stress-tolerant
circular beam geometry to minimize thermally induced changes in the spring constant

and gap height due to RF power dissipation in the switch [53].

5.2 Switch Design

Fig.5.1 shows the top view and cross-section of the high-power RF MEMS
shunt switched capacitor. The device consists of ring-shaped RF transmission line that
is routed underneath the higher spring constant portion of the circular beam to increase
both the restoring force above the RF line and the RF self-actuation voltage. Separate
DC bias electrodes are placed on the either side of the RF line to maintain a relatively
low pull-in voltage and to assure an intimate contact with the RF line once the switch
is actuated. Isolated stopper bumps are placed within the center portion of the DC bias
pad to reduce the amount of charge injected into the dielectric when switch is in the
down-state position. An electroplated gold air-bridge is used to connect the signal line
on the output side of the switch and to accommodate routing of the DC bias lines to the
device (Fig.5.1).

The switch has a beam radius of 100 um and overall footprint of 120x120 pm?
including the anchor areas. The beam is comprised of a 1 pm-thick gold layer to reduce
the thermal resistance of the bridge and arc-shaped cutouts are placed 15 pym from the
edge of the circular beam. The wider springs function to lower the thermal resistance
of the beam but also increase the device sensitivity to in-plane stress. In general, the
closer the cutouts are placed to the anchor and the thinner the springs, the lower the
ratio of Ko/K; (i.e. sensitivity to in-plane biaxial stress). The switch design presented
in Chapter 2 has a 90° corner located between the edge of the circular beam and anchor.
Full-wave simulations of the switch, performed in both Sonnet and HFSS [54], have
shown that these corner areas have the highest current density on the beam and produce
current crowding and localized hot spots. To reduce the current density in these areas
the 90° corners are replaced by smooth curved transitions.

Electro-mechanical simulations of the switch were performed in CoventorWare
[34], with the results shown in Table 5.1. The spring constant is here defined as the
displacement (AZ) in the center of the beam due to a uniform pressure (p) distributed

above the 3 DC bias electrodes of area (A), such that K = (p*A)/AZ. The switch has a
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Figure 5.1: Top-view (a), and cross-section (b) of the high-power RF MEMS switched
capacitor.

spring constant of K = 85.3 N/m assuming an in-plane beam stress of o,.s = 50 MPa
and linear vertical stress gradient of Aojineqr = 15 MPa/pum. The simulated up-state
capacitance of the beam is 58 fF excluding any fixed parasitic capacitance, while the
down-state capacitance is 649 fF for Vi, = 35 V and €,_.rp = 3.0. The simulated
pull-in voltage for the DC bias electrode is Vj,_piqs = 25.8 V, while the pull-in voltage
on the RF line is V,_gr = 38.3 V. The RMS voltage that will be generated between the
capacitor electrodes for an incident power is given by

Vo rp
Zo

P, = for wCyZ, < 1 (5.1)

Since the signal line is split into two lines under the MEMS beam, the impedance is > 50
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Table 5.1: Simulated Electro-Mechanical Parameters of the High-Power RF MEMS
Switch

Parameter Value
K1, Ko, Kiora (N/m) 42.6,42.7, 85.3
Cyp (fF) 58
Cq with (Vyies= 35 V) (fF) 649

Vp—vias (V) 25.8
Vr—bias (V) 10 +/- 2.5
Vo—rr (V) 38.3
Vicrr (V) 25 +/- 2.5

e Simulated with o,.; = 50 MPa, Aojinear =
15 MPa/pm, and €,_.r¢= 3.0

Q and is approximated in ADS as two coupled lines between a ground plane and yields
an even mode impedance of Z, = 95 (). With this impedance, and using the simulated
pull-in voltage on the RF line (V,—rr = 38.3 V), the device is predicted to self-actuate at
P;,, = 15.6 W (excluding the effects of RF power dissipation in the beam). The simulated
release voltage of the switch for a voltage on the bias electrode is V,_p;0s = 10 V with
an accuracy of +/- 2.5 V, while the release voltage on the RF line is V,_pp = 25 +/-
2.5 V. The release voltage simulations have an accuracy of 4+/- 2.5 V due to the voltage
trajectory step sizes. In the down-state position, the RMS voltage across the switch is

given by

2V P Z,
Vims = ——222 for wCyZ,>1 (5.2)
deZO

Table 5.2 summarizes the calculated RMS voltages across the switch in the down-state

position with P;,, = 5 and 10 W for several capacitance values.

Table 5.2: Calculated RMS Voltage across Switch in the Down-state Position
Cy (fF) Veums (V) with P;,, =5 W | Vrus (V) with P;,, = 10 W

312 23.5 33.3
500 14.7 20.8
646 11.4 16.0

Fig. 5.2 presents the simulated change in Z-displacement (AZ) of the MEMS
beam along the y-axis with 0,5 = 50 MPa, and Aoyjpeqr = 15 MPa/pum. The change in

vertical displacement is < 0.06 um across the 200 pm diameter switch, resulting in very
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little change in the as-deposited gap height of the bridge.
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Figure 5.2: Simulated change in Z-displacement of the beam (AZ) along the y-axis
(with 0pes = 50 MPa, and Aojineqr = 15 MPa/pum).

5.2.1 RF Power Dissipation in the MEMS Switch

The RF power dissipation in the MEMS switch is simulated using a full-wave
EM simulator [41], and the dissipated power is calculated using (2.6). The switch is
simulated at 10 GHz in both the up-and-down state positions with a nominal gap height
of go = 1.4 pm and 0.93 pm (2/3g0, Vapplicd = Vp—bias) for the up-state simulations, and
a conservative conductivity of o4, = 3.1x107 S/m is used for the 1 gm-thick gold beam.
At 10 GHz, the MEMS beam dissipates 0.397-0.434% of the incident power which results
in 39.7-43.4 mW of dissipated power for an incident power of 10 W (Table 5.4). In the
down-state position, the MEMS beam dissipates 0.619-0.724% of the incident power for
Cy = 312-649 fF, which results in 61.88-72.42 mW of dissipated power for P;, = 10 W.

Conductor losses in the CPW transmission line contribute to the majority of
power dissipation in the MEMS switch with 207.5 mW of dissipated power for P, = 10
W. The transmission line has a gold thickness of 2.5 pum, except for the areas under the
switch where it is 0.5 pm, and the simulations assume a conductivity of g4, = 3.1x107
S/m. The substrate is 400 pm-thick high-resistivity silicon (tand = 0.004, o = 0.0667
S/m), which is coated on both sides with a 0.25 pm layer of Si02 (tand = 0.002).

The RF current distribution on the MEMS beam is also simulated at 10 GHz
in the up-and-down state positions with an incident power of 20 mW (Fig.5.3a-b). In
the up-state position the peak RF current density occurs along the edge of the circular

beam between the signal line and grounded switch anchors with an average value of ~600
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Table 5.3: Simulated Power Dissipated in the MEMS Switch at 10 GHz with P;,, = 10

W.

Substrate Beam T — Line | Gap (pm) | Pres. (%) | Pirans. (%) | Paiss. (%) | Paiss. (mW)
Lossless Lossy Lossless 1.40 0.582 99.021 0.397 39.7
Lossless Lossy Lossless 0.93 1.499 98.067 0.434 43.4
Lossless Lossless Lossy 1.40 0.499 97.426 2.075 207.5

Lossy Lossless Lossless 1.40 0.610 99.018 0.373 37.3
Lossy Lossy Lossy 1.40 0.47 96.686 2.845 284.5
Lossless Lossy Lossless 0 25.326% 74.055¢ 0.619¢ 61.88%
Lossless Lossy Lossless 0 42.240° 57.030° 0.724° 72.420

@ Simulated with Cy = 312 fF
b Simulated with C; = 649 fF

A/m, while the remaining RF currents are distributed above the center portion of the
ring shaped signal line with a value of ~250 A/m. These RF current densities indicate
that in the up-state position ~85% of the incident power is dissipated along the edges
of the switch with the remaining 15% occurring above the signal line. In the down-state
position, the peak current density is located on input side of the switch along the edge
of the beam between the ground and signal electrodes with an average value of 1000
A /m, while the remaining currents are located above the ring-shaped signal line on the
input side of the beam with a value of ~400 A/m. These results indicate that in the
down-state position ~85% of the power is dissipated along the edge of the beam with
the remaining ~15% above the input side of the beam above the signal line (Fig. 5.3b).

5.2.2 Thermo-Mechanical Simulations

Fig.5.3c-d shows the position and dimensions of the discrete volumetric heat
sources used in the Coventorware thermo-mechanical simulations. Only heat transfer
through conduction is considered while radiation and convection losses are ignored [42].
In the up-state simulations, the total dissipated power in the beam is varied from 0-50
mW and the base of the substrate is fixed at 25°C with an initial system temperature
of 25°C. Fig. 5.4a presents the simulated spring constant and change in the vertical
displacement in the center of the beam (AZ), versus dissipated power in the MEMS
beam (P;) with 0,5 = 50 MPa, and A 0jineqr = 15 MPa/um.

Thermally induced stress changes in the beam lead to a linearly decreasing
spring constant from 85.3-46.8 N/m for Py = 0-50 mW (Tpeqr, = 25-68.4°C), while AZ

increases from 0.06-0.23 pym due to the effects of topography and non-uniform heating
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Figure 5.3: Simulated RF current distribution on the circular RF MEMS switch in
the up-state position (a), and down-state position (b), with f, = 10 GHz, and g,= 1.4
pm, and placement of the discrete volumetric heat sources used in the Coventorware
thermo-mechanical simulations in the up-state (¢), and down-state (d) positions.

[53]. The combination of a decreasing spring constant and increasing gap height results
in a stable pull-in voltage for up to 10 W of incident power since V,, oc K 05 and g,'".
Fig. 5.4b shows the peak temperature of the MEMS beam in the up-state position versus
dissipated power with the hottest region located in the switch springs between the signal
and ground electrodes. The thermal conduction resistance of the beam is Reoong—up =
859°C/W, which yields a peak temperature of 62.3°C for an incident power of 10 W (P
= 43.4 mW). The thermal time constant in the up-state position is 7,, = 90.5 us. In the
down-state position, the peak temperature on the MEMS beam is located in the elevated
springs between the signal line and grounded anchors, and is 48.0-51.9°C for P; = 61.88-
72.42 mW. Since the majority of the beam is in contact with the underlying capacitor
dielectric when the switch is actuated, the thermal conduction resistance is lower with

Reond—down = 372°C/W. The thermal time constant in the down-state position is 39.2
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us.

5.3 Fabrication

The CPW implemented switched capacitor is fabricated on a 400 pym high-
resistivity silicon substrate (e, = 11.9, and k = 149 W/mK) to dissipate the heat gen-
erated in the MEMS beam. First, a 0.15 um layer of sputtered SiCr (Rs = 3 k{2/sq) is
patterned for the bias lines and DC bias electrodes. A 0.5 um layer of sputtered gold
is then deposited to define both the bottom capacitive electrode and isolated stopper
bumps. Next, 0.19 pm of PECVD deposited SiN is patterned using RIE to form the
switch dielectric. The sacrificial layer of the switch is a 1.4 pum-thick layer of PMMA
which is patterned using RIE. Next, 1 pum of sputtered gold is deposited to form the
MEMS beam. The transmission lines are next electroplated with an additional 1 pum
of gold to reduce conductor losses. Lastly, the gold MEMS beam is patterned with KII
gold etchant and the sacrificial layer is removed in a solvent at 80°C before the devices
are released in a C09 critical point dryer.

A micrograph and 3-D white light interferometer image of the fabricated device
are shown in Fig. 5.5a-b. The profile of the switch is measured pre-and-post release and
shows a vertical beam deflection of < 0.1 um (Fig. 5.5¢), which agrees well with the
simulation presented in Fig. 5.2. A detailed description of the high-power RF MEMS

switched capacitor fabrication process is presented in Appendix B.

5.4 Measurements

5.4.1 Capacitance vs. Voltage

The capacitance versus voltage curve of the shunt switched capacitor referenced
from the planes BB’ (Fig. 5.5a) is extracted directly from the measured S-parameters at
each particular bias voltage (Fig. 5.6a). All measurements are performed in an enclosed
environmental chamber with flowing nitrogen. The switch has an up-state capacitance
of Cyp = 55 fF and a down-state capacitance is Cy = 267 fF for Vj;qs = 35 V, which can
be increased to Cy = 312 fF by applying an additional voltage between the ground and
signal electrodes with Vo = 40 V. The down-state capacitance is lower than predicted
for this fabrication run due a rough PMMA sacrificial layer process that transferred

additional roughness into the sputtered gold beam which reduces the down-state contact
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area of the beam. Devices from this wafer yielded a capacitance ratio of C;, = 5.7 (with
Viias = 35 V and Vo = 40 V), while simulations predict that a C, of 10-11 is possible
with improved fabrication processes and without the use of voltage Vjo. The equivalent
circuit model of the switch from planes BB’ is presented in Fig. 5.6b, which is based on
a combination of Sonnet EM simulations and fitting to the measured S-parameters. The
switched capacitor has an extracted bridge inductance and resistance of 3 pH, and 0.3
Q, respectively. The standard rectangular switch, which is used for comparison, has an
up-and-down state capacitance of C, = 59 fF, and Cy = 0.8 pF, respectively. It has a
length of 230 pm,a width of 80 um, and is patterned over a 80 um wide signal line.

5.4.2 Pull-in Voltage vs. Temperature

The pull-in voltages of both the circular and standard switched capacitors from
the same wafer were measured from 25-105°C (Fig. 5.7). The standard rectangular
fixed-fixed beam switch has a width of 80 ym and length of 230 um, and is patterned
on top of an 80 pum wide signal line with the top-view shown in Fig. 5.7. The standard
switch has an up-and-down-state of capacitance of 59 fF and 800 fF, respectively. The
circular switch has a pull-in voltage slope vs. temperature of -112.5mV /°C, compared
to -300 mV/°C for the standard design. The standard switch failed at 85°C (V,, = 0
V), while circular switch was still operational with V}, = 20 V. Some plastic deformation
of the 1 pum sputtered gold beam was observed after temperature cycling the switches
to 105°C, which caused both an increase in the nominal gap height and pull-in voltage
when the device was returned to room temperature. This issue is purely a materials

problem which can be solved by using a different beam metal such as aluminum.

5.4.3 RF Power-Handling

The RF power handling of both standard and circular switched capacitors was
tested under continuous power at 10 GHz, and the pull-in and release voltages were
monitored versus incident power using the measurement setup shown in Fig. 5.8. In
order to measure the pull-in and release voltage, a bipolar triangular waveform with a
period of 16 ms and duty cycle of 1.6% is applied to the bias electrode of the switch
and the modulated voltage from the diode detector is connected to an oscilloscope and
compared to the original bias waveform. The low duty cycle of the bias waveform reduces

the effects of dielectric charging, thus increasing the accuracy of the measurement. When
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Figure 5.4: Simulated spring constant and change in z-displacement in the center of
the circular beam versus dissipated power ( 0,cs = 50 MPa, Acjineqr = 15 MPa/um) (a),

and peak temperature on the beam in the up-state position (b), and down-state position
(c) versus dissipated power.
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Figure 5.7: Measured pull-in voltage vs. ambient temperature from 25-105°C for both
standard and circular designs.
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testing the power-handling of the standard switch, a bias-tee is added to the setup before
the DUT to accommodate the bias voltage. The SPDT switch is utilized to protect the
equipment after the 25 W TWT amplifier from possible power spikes that can occur
when turning on or off the RF signal source or the TW'T itself. The RF power supplied
to the DUT was gradually increased starting at 200 mW, and V}, and V, were recorded

at each discrete power level.

Power Meter
(Agilent E4417A)

Temperature Controlled
RF Source 10dB Enviromental Chamber
4-18 GHz Attenuator Mircotech
(Agilent E8267C) Solator SPDT (Cascade Mircotech 9600)
DUT
-20 dB Coupler Vbias
TWT (Narda 4247)
(CPIVZV-2776K4) S50Q 500
— — Voltage BTB
) Waveguide-Coax
— Time Transition
8 ms
Oscilloscope DC Actuation
(Agilent DSO 6034A) Signal
I | |
Detector 40 dB
(Krytar 302B) Attenuator
S AW

Figure 5.8: Measurement setup for testing the pull-in and release voltage of the RF
MEMS switched capacitor vs continuous RF power at 10 GHz.

The circular switches have initial pull-in and release voltages that range from
Vp = 24.5-27.8 V, and V, = 11-14 V, while the standard devices have V), = 20.6-22.1
V, and V, = 7.4-8.1 V (Fig. 5.9). A non-releasing (”latching”) failure due to both a
reduction in the restoring force (F, = Kg,) and the effective Vs from the incident
power occurred between 10.4-11 W and 1.8-2.1 W for circular and standard switches,
respectively. As predicted by the thermo-mechanical simulations, the pull-in voltage of
the circular switches remained fairly constant with < 3 V change in V}, from 0.2-10 W.
Once “latching ” of the switch occurred, the power was reduced to 200 mW, and V), and
V; were re-measured. The high-power circular switches showed < 1 V change in both
the pull-in and release voltages from initial measurements. The pull-in voltage of the

standard switch decreased by ~14 V from 0.2-2.1 W, due to thermally induced reduction
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in the spring constant from the RF power dissipation in the beam [44].
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Figure 5.9: Measured pull-in (V},) and release voltage (V;) vs. continuous RF power at
10 GHz for both circular and standard switches.

5.4.4 Capacitance vs. Power

Fig. 5.10 presents the measurement setup that is used for characterizing the
capacitance of the switch versus incident power at 10 GHz. Two back-to-back directional
couplers are used to create a reflectometer to monitor both the incident and reflected
power. At 10 GHz the reflectometer has -40 dB isolation between the input and reflection
ports with a combined insertion loss of -3.8 dB. The couplers have a power rating of 4
W which limits the maximum power delivered to the switched capacitor to 1.3 W.

In order to relate the reflected power from the device to the capacitance, the
switched capacitor is first tested at low power (P;, = 50 mW) vs. bias voltage and this
data is compared to the C-V curve that is extracted from the S-parameter measurements.
The switch used for this measurement has a pull-in and release voltage of V,, = 40 V,
and V, = 25 V, respectively, with Cy, = 58 fF, and Cyoyn = 223 fF with Vies = 50 V
(Fig. 5.11a). The device is tested at power levels of 50 mW, 330 mW, 1 W, and 1.3 W,
and the reflected power is recorded as a function of bias voltage with 2.5 V steps (Fig.
5.11b). The voltage sweep is repeated twice at each power level to check the consistency

of the measurement.
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Figure 5.10: Measurement setup for monitoring the incident and reflected power of the
switched capacitor vs. bias voltage.

Relating the capacitance to the reflected power with P, = 50 mW yields a
linear relationship with a slope of 15 fF/dBm. Therefore, the change in capacitance
of the device versus reflected power can be calculated using this measured slope. With
Viias = 0V, the up-state capacitance of the switch decreases by ~2-3 fF from 50 mW-1.3
W due to a slight increase in the gap height. In the down-state position with Vyes =
50 V, the capacitance increases by ~5 fF from 50 mW-1.3 W. With P;,, = 1.034 W,
the pull-in voltage shifted down from 40-37.5 V (+/- 1.25 V accuracy) on the second
voltage sweep indicating some dielectric charging. No change in V). is observed up to
1.3 W, however, when the switch is in the down-state position with Vj;,s = 30 V, the
capacitance increases by ~24 fF from 50 mW-1.3 W as a result of the RMS voltage from

the incident power.

5.4.5 Switching Speed

The switching speed of the circular switch with a without 5x5 pum perforations
in the beam is measured with the setup shown in Fig. 2.20. With a 40 V stepped bias
voltage, the up-to-down switching time is 12.4 ps and 51 us for the switches with and
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Figure 5.11: Measures C-V curve of the switched capacitor with P, = -20 dBm (a),
and reflected power vs. bias voltage with P;, = 50 mW, 333 mW, 1034 mW, and 1300
mW (b).

with perforations, respectively (Fig. 5.12). The switch with holes has a release time of 13
us, while the switch without holes takes ~140 us to return to the full up-state position.
The release time of the switch without holes was strongly dependent on the amplitude

of the stepped bias voltage which indicates the effects of dielectric charging.
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Figure 5.12: Measured switching speed of the high-power RF MEMS switched capacitor

with and without holes in the beam.

5.5 Summary

This chapter presents an RF MEMS switched capacitor with 10.4-11 W of power

handling capabilities at 10 GHz under hot switching conditions. This power-handling is

achieved with a reasonably low (< 30 V) pull-in voltage. The switch has a capacitance

ratio of C, = 5.7, which can be increased to 10-11 with improved fabrication processes.

The circular switch has pull-in voltage slope of -112.5 mV/°C from 25-105°C. The post-

release profile of the switch shows <0.1 um of deflection compared to the pre-release

profile. This switch is well suited for high-power tunable filters and impedance tuners.

Table 5.4: Summary of Power-Handling of RF-MEMS Switched Capacitors &
Varactors.
Switch/Author | Cup (pF) | Ca (pF) | Cr | Vp (V) | Peota (W) | Phot (W) | Freq. (GHz)
Toshiba QSC 1.9 5.5 2.89 21 >5 5 2
Y. lu 0.095 0.3 3.16 55 >4 4 10
C. Palego 0.06 0.425 7.08 115 > 10 10 3
D. Peroulis 0.04 0.8 20 - >5.5 ~0.8 10
Raytheon 0.04 1.6 40 30 4-5 0.5-0.6 10
MIT-LL 0.008 1.2 150 40 10 1-1.7 10
Reines 0.055 0.312 5.7 24-28 >10 10.4-11 10

Chapter 5, in part, is mostly a reprint of the material as it appears in 24th

IEEE International Conference on Micro-Electro Mechanical Systems, 2011. Isak Reines
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and Gabriel M. Rebeiz. The dissertation author was the primary author of this material.



Chapter 6

Compact Low-Loss Tunable
X-Band Bandstop Filter with
Miniature RF-MEMS Switches

6.1 Introduction

Tunable filters are critical components in communication and radar systems
and have the potential to replace switched-filter banks. Bandstop filters provide a high
level of rejection over a limited bandwidth, while ideally exhibiting low pass-band loss
so as to minimally impact the receiver sensitivity. They are also used to increase the
isolation between the transmit and receive paths in high power systems.

The tuning element in planar filters can be realized with solid-state varactors
[55], P-I-N diodes, ferro-electric varactors [13], or radio frequency micro-electromechanical
systems (RF-MEMS). Solid state varactors have fast switching speeds (ns) but suffer
from loss and linearity issues at microwave frequencies [16]. RF-MEMS switches con-
sume much less power compared to solid-state devices, exhibit low loss, and have excel-
lent linearity and power handling (two-tone third-order intermodulation intercept point
(ITP3) > 40 dBm) [1]. The reliability of RE-MEMS devices has been steadily improving,
making them a possible candidate for tunable filter applications.

There is little published work on RF-MEMS tunable notch filters: Adam et
al. [56] previously demonstrated a 7.4-15.9 GHz RF-MEMS bandstop filter with rejection
levels of < 10 dB, and high pass-band loss (> 5 dB below 5 GHz). Karim et al. [57]

80
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reported an RF-MEMS bandstop filter with a tuning range from 17.3-19 GHz, and high
pass-band loss (> 5 dB above 25 GHz). Yan et al. [58] realized a 3-pole notch filter based
on large deflection MEMS actuators with a center frequency of 6 GHz and a tuning range
of only 500 MHz. Pillans et al. [59] reported a 3-pole 8.6-11.75 GHz RF-MEMS filter
on a ceramic substrate with folded resonators, but ~2 dB dips in S2; are observed at
frequencies > 13 GHz. Finally, excellent work was done in tunable absorptive notch
filters [60], but this technique requires analog capacitance tuning to achieve exact phase
cancelation which is challenging with RF-MEMS devices.

In this chapter, we present a compact low-loss 2-pole tunable X-band bandstop
filter based on coupled folded /2 resonators with capacitive loading. The filter results
in high rejection levels (> 24 dB) and low pass-band loss (< 0.8 dB) from DC to 19.5
GHz [61]. The filter is fabricated with fixed interdigital capacitors, miniature RE-MEMS
capacitive switches, and GaAs varactors, and the performance of these filters is compared
(insertion loss, 1-dB compression point (P-1dB), and IIP3). The notch filter design also
includes, for the first time, an analytic solution for the effect of non-adjacent inter-

resonator coupling.

6.2 Bandstop Filter Design

6.2.1 Admittance Matrix for Three-Coupled Lines

The proposed bandstop filter is based on a microstrip-line which is coupled to
two folded A/2 resonators loaded with a capacitance Cp (Fig. 6.1). To minimize the
filter size and pass-band insertion loss, one resonator is flipped 180° to allow the inverter
to be placed compactly between the resonators. As a result, inter-resonator coupling
will occur and is accounted for in the design. Also, this topology increases the inductive
coupling between the resonators, resulting in a shift of some of the infinite transmission
zeros of the all-pole network from DC to infinity which increases the slope of the upper
stop-band. In the filter design only the coupling between microstrip lines 1, 2, and 3
shown in Fig. 1b are considered since ds>>d;.

The capacitance distribution matrix [C] for three coupled-lines above a ground

plane (Fig. 6.1b), is extracted using an electro-magnetic (EM) solver [54] and is given
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Figure 6.1: Equivalent circuit model of the 2-pole bandstop filter (a), and filter cross-
section with 3-coupled microstrip-lines and two un-coupled outer resonator sections
(note: do>d; and figures are not to scale) (b).

by
Cnu —Ci2 —Ci3
[Cl=|-Ca Can —Cy3 (6.1)
—Cs —Cs (s
where [C] has units of capacitance per unit length (F/m).

The corresponding 6x6 admittance matrix for the lossless coupled lines of length

0, is given by [62]

Up [C] —sec(61)[C]

[Ye] = m —sec(61)[C] (€]

where v, is the average phase velocity for the coupled-lines since wi#wr.
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6.2.2 Filter Admittance Matrix

The 2-port Y-parameters for an ideal series-connected microstrip line and ca-

pacitor Cf,, are

_ jY3sin(fs) + jwC'r, cos(f2)

cos(ba) — ZowC, sin(62) (63)
JwCr,
Y = = Y .4
2= ZowCy sin(fz) — cos(62) L2l (64)
jwC 0
Yo = JewCr cos(0n) (6.5)

cos(0y) — ZowC', sin ()

where Ys and 0, are the admittance and electrical length of the un-coupled microstrip
line, respectively. With the port definitions shown in Fig. 6.1, the matrix elements of
[Y.] corresponding to ports 1, 3, 4, and 6 are modified to include [Y7], and result in a
6x6 filter admittance matrix, [Y]. Next, ports 1, 3, 4, and 6 are open circuited (i.e.

i1=i3=i4=16=0), and [Y] is reduced to a 2x2 matrix with

2| _ Yx11 Yxia| |v2 (6.6)
is Yxo1 Yxoof |vs
To facilitate the 6x6 matrix reduction let
Yo, +Yo,,  You3 Yo +Yn,, Yo
LA P A A S A (67)
Yoo  Yogs+Yiey  Yogs  Yoget+YLqy
and
[A] = [v,] ™ (6.8)
The 2-port Y-parameters for the bandstop filter can now be expressed as
Yx11 = QYo + Yo, + SYo,, + UYe,, + X Y0y, (6.9)
Yxi12 = RYc,, + TY0, + VYo, + Yo, + YaYou, (6.10)
Yxo1 = QYcy, + Yeou, + SYe,, + UYe,, + XYooy (6.11)
Yxoo = RYcy, + 1Yoy + VYo, + Yoo, + YaYoue (6.12)



84

where

Q= —[AnYo,, + A12Ye,, + A13Ye,, + A14Yey,]
= —[AnYoy; + A12Yes, + A13Yo,; + A1aYog;)
S = —[Aa1Ycy, + A2Yoy, + A2s3Ye,, + A24Yoy,]
T = —[An Yoy, + A22Yes, + A2sYo,s + A24Y0y;]
= —[A31Ye,, + AYey, + AssYo,, + AzaYeg,]
= —[A31Yeys + A32Yoy, + A33Yoy, + A3aYegs)
X = —[AnYe, + Ao, + AuzYo,, + AuaYes,)

YCL = _[A41Y015 + A42Y035 + A43YC45 + A44Y065]

6.2.3 Design Procedure

The admittance matrix [Yx]|, given in (9)-(12), represents a bandstop filter
centered at wy with fractional bandwidth A provided that

Im[Z,(wp)] =0 (6.13)
Zo
r = — 6.14
Agy ( )
Ly
Im[?] =ki2 = ANg192 (6.15)
where
1
7, = 6.16
Yx11 (6.16)
1
Ly = 6.17
Yxo1 (6.17)
wo O(Im(Z,))
= ——— 77 Nl
x 5 N (6.18)

The design procedure is to find the static capacitances given in (1) and the
corresponding electrical lengths (61, and 603) that satisfy the resonance, scaling, and
coupling conditions in (13)-(15). The inter-resonator coupling Ci3 is a by-product of C
which must be included in the design because it impacts the notch filter performance.
A significant increase in the filter bandwidth and diminishing rejection levels occur even
for Ci13 = 2 pF/m (Fig. 6.2).

The self-capacitance Cy2 can be set by choosing Y7, = 1/50 mho and 6#; should
be ~\/4. The overall resonator length (61+63) is chosen to be ~\/2 and this sets the
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Figure 6.2: Calculated filter response showing the effect of inter-resonator coupling C'3
(C11 = 206 pF/m, Cyo = 115 pF/m, C12 = 40 pF/m, Cp = 20 fF, L; = 3110 ym, Ly =
3700 pm, €.cpr = 2.88).

highest operating frequency and results in a small loading capacitance Cp. Ci1 (Css),
Ci2, and Cp, can be determined by iteratively choosing values that satisfy (13)-(15).
Equation (13) is mostly dependent on Cj; and Y, while equation (15) depends heavily
on Cha. Equation (14) depends on both C1; and Cis. In general Ya(ws2) is chosen to be
greater than Y7 (w1) so as to maximize the microstrip resonator @, and to increase Ca,
Y1<Yr (wi<wp). After finding the design parameters the physical dimensions (wp, w1,
we, and d) can be determined.

The lossless bandstop filter admittance matrix [Yx| does not include the effects
of the two resonator bends and assumes a single phase velocity for all the microstrip-
lines, which is not the case since wy#wy. Therefore, a full-wave simulation is performed
in SONNET [41] for the final design, and the resulting S-parameters are imported into
ADS [63], and loaded with Cf. The pole splitting is reduced in the final design due
to the even and odd-mode phase velocity difference in the coupling which is shown in
full-wave simulations. For this design, and in order to increase the coupling coefficient,
k12, while still keeping a realizable coupling gap, the coupling section of each resonator
is interdigitated to obtain a higher capacitance per unit length. The final dimensions

are obtained by iterating between Sonnet simulations and C}, loading values.
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6.3 Fixed Frequency Filter
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Figure 6.3: 2-pole bandstop filter on quartz substrate with all dimensions in mm (a),
and the simulated filter center frequency versus ideal loading capacitance (b).

The 2-pole bandstop filter is first implemented with fixed interdigital loading
capacitors on a low-loss quartz substrate (h = 508 um, €, = 3.78, tand = 0.0001) (Fig.
6.3a). Full-wave simulations show that a Cf, of 20-80 fF results in a resonant frequency of
8.95-11.34 GHz (Fig. 6.3b). The microstrip-line width wy, is slightly inductive (Z = 54
) to compensate for the extra capacitance from the interdigitated coupling sections. The
equivalent circuit model and corresponding dimensions for the two interdigital capacitors
are presented in Fig. 6.4. The model has a 200 ym port width, which is taken into

account since it reduces the effective resonator length.
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Figure 6.4: Micrograph of fabricated interdigital loading capacitor, equivalent circuit
model, and simulated capacitance values (w = g = 20 pm).

Figure 6.5: Shielding box used for the fixed and tunable bandstop filters
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