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ABSTRACT

Yang, ZhengAn PhD, Purdue University, August 2019. MEMS Tunable Si-Based Evanescent-
Mode Cavity Filters: Design, Optimization and Implementation. Major Professor: Dim-
itrios Peroulis.

The allocated frequency bands for the incoming fifth generation (5G) wireless com-
munication technologies spread broadly from sub 6 GHz to K and potentially W bands.
The evolution of the future generations toward higher frequency bands will continue and
presents significant challenges in terms of excessive system complexity, production and
maintenance costs. Reconfigurable radio architecture with frequency-tunable components
is one of the most feasible and cost-effective solutions to meet such challenges. Among
these technologies, evanescent-mode (EVA) cavity tunable resonator have demonstrated
many of the needed features such as wide tunability, low loss and high linearity. Such a
technology typically employs a movable membrane that controls the resonant frequency of
a post-loaded cavity.

The first part of this work focuses on advancing such technology into the mm-wave
frequency bands and beyond. Manufacturing tolerance and tuner performance are the two
main limiting factors addressed here. This work develops a cost-effective micro-fabrication
and package assembly flow which addresses the manufacturing related limitations. On
the other hand, introducing micro-corrugated diaphragms and gold-vanadium co-sputtered
thin film deposition technology, significantly reduces (4x) the tuning voltage and enhances
tuning stability (7x). We demonstrate a tunable two-pole band-pass filter (BPF) prototype
as the first EVA cavity tunable filter operating in the K-Ka band.

The second part of this work extensively discusses an optimal RF design flow based on
the developed manufacturing technology. It considers all technology constrains and allows

the actualization of a high Q transfer function with minimum bandwidth variation within
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an octave tuning range. Moreover, a new fully passive input/output feeding mechanism that
facilitates impedance matching over the entire tuning range is presented. The devised RF
methodology is validated through the design and testing of a two-resonator BPF. Measure-
ments demonstrate a tuning range between 20-40 GHz, relative bandwidth of 1.9%-4.7%,
and impedance matching over the entire tuning range which is upto 2x better than previ-
ously reported state-of-the-art MEMS tunable filters of this type.

The third part of this work further advances the technology by proposing the first
MEMS-based low-power bi-directional EVA tuning approach that employs both the main
bias circuitry as well as a new corrective biasing technique that counteracts viscoelas-
tic memory effects. The two key enabling technologies are extensively discussed: a) a
new metal-oxide-metal (MOM) sealed cavity that maintains high quality without requiring
complicated metal bonding; and b) a new electrostatic bi-directional MEMS tuner that im-
plements the needed frequency tuning without lowering the resonator quality factor. Fur-
thermore, we explore important design and fabrication trade-offs regarding sensitivity to
non-ideal effects (residual stress, fabrication imperfections). Measurement of the new pro-
totype bi-directional design, prove that this technology readily corrects residual post-bias
displacement of 0.1 um that shifts the frequency by over 1 GHz with less than 2.5 V. It takes
over 100 seconds to recover this error in the uni-directional case. This correction does not

adversely affect the filter performance.



1. INTRODUCTION
1.1 Background

Over the past decade, the booming of mobile Internet has been driven the evolution of
wireless communication technologies to meet the demands of user experience limited by
signal coverage and data-rate. Looking forward this trend is advancing towards Internet-of-
everything which connects vast number of wireless terminals with additional demands on
bandwidth, latency, and power consumption. As a result, there are significant RF front-end
design challenges which require innovations on both the system and device levels. From
the system perspective, a typical multi-band front-end, shown in Fig. 1.1(a), switches
between multiple static component banks. As the number of supported bands is increasing,
system complexity also increases. The idea of cognitive radio (CR) proposes to address
such challenges by employing reconfigurable RF front-end. For instance, as reported in [1]
and shown in Fig. 1.1(b), replacing banks of static duplex filters and antennas with tunable
ones, provides a duplexer function over the air and significantly reduces the system size
and power consumption.

Nevertheless, due to scarcity of unlicensed electromagnetic spectrum in lower frequen-
cies, the allocated frequency bands for the incoming—the fifth generation (5G)—wireless
communication standards, spread broadly from sub 6 GHz to K and potentially W bands.
As such, on the device level, realization of CR concept demands large—more than an
octave-tunability. This is a significant technology challenge, especially for RF front-end
components that need to maintain their RF performances which directly correlate to sys-

tem specifications.



1.2 Overview of Tunable Filter Technologies

Reconfigurable filter remains the bottleneck of front-end design. Its main performance

specifications are insertion loss, tuning range, power consumption, tuning speed, form fac-
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tor, linearity, impedance matching, etc,. The filter architecture and tuning technology are
two factors dominating the performance matrix. A number of technologies are available
for reconfigurable filter design. Despite many having solutions that performs well in one or
two dimensions, it is very challenging to identify one that performs well in most of them.
Design requirements often result in no obvious solution. For instance, this is particularly
true when low loss, wide tunability, and low power consumption need to be simultaneously
satisfied.

The considered RF tunable filter architectures include discrete lumped-element (LE)-
based resonators [2, 3], planar transmission line (TL)-based geometries [4—6] and three-
dimensional (3D) waveguide cavities [7]. Whereas LE-based filters can be monolithically
integrated on the RF receiver chip, their low quality factors (Q, less than 30) render them
unsuitable for high-frequency applications particularly above 10 GHz. On the other hand,
planar TL-based filters exhibit moderate quality factor Q, (less than 100-200) and can be
readily co-integrated with surface-mount tuning elements. They are suitable for low-to-
mid frequency applications but still result in unacceptable high losses in high frequencies.
Non-planar (3D) filters outperform the aforementioned technologies with Q, in the order
of 1,000-10,000 depending on the employed technology. Nevertheless, they typically come
at the expense of form factor.

Filter’s tunability is typically achieved by co-integrating reactive elements such as semi-
conductor varactors [5,11], MEMS devices [4] and ferroelectric capacitors [12] within the
filter volume. Although semiconductor-based varactors feature compact size and high tun-
ing range, they suffer from low Q, for frequencies higher than 10 GHz. On the other hand,
ferromagnetic varactors exhibit a good compromise among tuning range, speed, and power
consumption. However, the requirement for specific substrate materials limits their inte-
gration potential. Although they are still at a research stage, MEMS-based tuners have
demonstrated excellent RF loss, and are scalable to higher frequencies. [13-22].

Several recent research efforts have successfully demonstrated co-integration of MEMS
tuners and 3D waveguides for frequency-agile low-loss transfer functions. However, the

actualization of a widely-tunable response remains a significant challenge. In [10, 23],
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the authors report on a tunable waveguide BPF whose center frequency is reconfigured
by integrating ohmic cantilever RFE-MEMS switches in the waveguide sidewalls. Whereas
high Q, (larger than 750) is obtained over the entire tuning range, its center frequency is
tuned by only 10%. In yet another approach, dielectric-loaded waveguide BPFs are tuned
by means of MEMS actuators. They exhibit Q, larger than 500 and center frequency tuning
of less than 3%, [9, 19].

6 5 1 —o— Resonant frequency
. —— Quality factor (unloaded) 1300

3
o 5.5
) - 1100
& 45 c
g 4 5
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= - 900
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Fig. 1.3. Conceptual view of a EVA tunable cavity resonator.

1.3 Evanescent-Mode Cavity Tunable Filter Technologies

The evanescent-mode (EVA) cavity tunable filter technologies is one of the most promis-
ing candidate that possesses advantages in many of the important design specifications,
especially for tuning range, form factor, and quality factor. Fig. 1.3 shows its conceptual

drawing. Compared to conventional cavity resonator, there is a metallic post in the center



of the cavity. The top surface of the post is nearly touching the cavity ceiling and leaves a
small capacitive gap. Such post capacitance significantly lowers the resonance frequency.
As such, its cavity volume shrinks typically 10 to 30 X than the unloaded cavity resonators.
Since most of electrical energy is stored within the capacitive gap, minor gap change in-
duces effective frequency tuning. While the fundamental resonance is loaded, its spurious
free range becomes much wider—possible to be greater than 35:1, while typical unloaded
cavity resonator is 2:1.

Several recent research efforts reported in [24—31] have successfully demonstrated tun-
able EVA cavity filter concept with variety of tuner selections. [24,25] laminates piezo-
electric tuner disks together with a thin copper sheet on top of the SIW cavity substrate.
Such type of tuning technology provides large deflections with moderate-to-high actua-
tion voltage (0 to £220 V). However, piezoelectric material suffers from low tuning speed
(msec) and hysteresis. Besides, the viability of miniaturizing such piezoelectric disks and
integrating them on other substrates has not been demonstrated yet.

[32] reports a EVA tunable resonator employing magneto-static diaphragm tuner. De-
spite its great tunability, high quality factor, magneto-static tuning demands significant
amount of current which is a concern for low power applications. Another novel de-
sign, [33], utilizing deformation of a electro-static biased liquid metal drop has similar
pros and cons as designers employing cantilever beam tuners reported in [26-28]. Both
types of tuner feature with faster response (10s of usec), lower actuation voltage (10s of V)
and higher immunity to vibrations. However, their tuning range is severely limited by the
small MEMS deflection.

The electro-static tuned SOI diaphragm design reported in [34] is the most prominent
approach who demonstrated ultra-high tuning ratio (4:1) and high-quality factors (300-
1000). Driving the post-cavity-ceiling gaps into the sub-micron region achieve such high
tuning ratios. This came at the cost of relatively large diaphragms (>5 mm diameter) that
required high actuation voltages ( 600 V) for full range analog tuning. The SOI nature
of the tuner also made it hard to independently control the frequency of each pole of the

filter since the bias electrode was common for all diaphragms-tuners of the filter. The high
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actuation voltage severely limited its application. The tuning voltage will foreseeable grow

along with shrinking resonator size for higher operation frequency bands. Such scalability

issue essentially becomes the bottleneck.

1.4 Dissertation Overview

The primary objective of this dissertation is 1) to explore novel RF-MEMS designs to

advance the tunable EVA cavity filter into the mm-wave region, and 2) to explore advanced

MEMS technologies to achieve superior tuning stability. Achieving the above objectives

requires innovations in three areas: micro-fabrication technology, microwave cavity filter

design and MEMS tuner design.



In Chapter 2, a connectorized RF MEMS tunable two-pole band-pass filter is demon-
strated as the first all-silicon evanescent mode cavity filter operating in the K-Ka band.
All filter components are fabricated with cost-effective silicon micromachining techniques.
The filters poles are controlled by two micro-corrugated MEMS diaphragms that are en-
gineered to be independently controlled with voltages below 140 V. Advanced fabrication
techniques are applied for the first time to ensure independent pole-frequency control with
no additional filter loss and improved fabrication accuracy and stability. The filters mea-
sured tuning range is from 23 GHz to 35 GHz (0-140 V) with fractional bandwidth ranging
from 0.8% to 4%. The filters measured loss varies from 4.2 to 1.5 dB including its con-
nectors. The extracted filter quality factor varies from 530 to 750. The maximum actuation
voltage of 140 V is 2X lower than previous demonstrations for similar tuning ranges. The
filters stability has been tested up to 1 billion cycles (0-70 V cycling) with no failures
observed. The filter exhibits a burn-in period of about 40 million cycles.

In Chapter 3, an RF design methodology that takes into consideration all microfabrication-
induced constraints determined in Chapter 2—e.g., non-vertical wall profiles and finite
MEMS deflection—enables high unloaded factor (Q,) and also minimizes bandwidth (BW)
variation within the octave tuning range is reported. Furthermore, a new passively compen-
sating package-integrated input/output feeding structure that enables optimal impedance
matching over the entire tuning range is also presented. To evaluate the RF design method-
ology, a filter prototype was manufactured and measured at Ka-band. It exhibits a measured
frequency tuning between 20 to 40 GHz (2:1 tuning range), relative bandwidth between 1.9
to 4.7%, insertion loss between 3.1 to 1.1 dB and input reflection below 15 dB. This work
also explores essential trade-offs between mechanical stability and insertion loss by com-
paring creep-resistant to pure-Au tuning diagrams.

The MEMS-enabled all-silicon EVA cavity tunable filter has demonstrated its outstand-
ing RF performance of over an-octave tunability and high Q, in Chapter 3. Nevertheless
tuning stability remains a challenge for large actuation of the diaphragm made with the vis-
coelastic metal such as gold in this application. Feedback-loop controlled voltage compen-

sation is a viable solution. However, due to the nature of electrostatic tuning, the restora-



tion error at the unbiased state is not compensable with the existing uni-directional tuner.
Chapter 4 proposes a bi-directional electro-statical MEMS tuner which enables active volt-
age compensation over the full tuning range. Such design does not introduce significant
complexity of fabrication nor structural integration. Furthermore, a proposed RF model-
ing and optimization method addressed RF performance degradation concerns. A detailed
RF-MEMS co-design, optimization flow of the implemented MEMS micro-corrugated di-
aphragm to maximizing the MEMS tunability are discussed. As an example, a proof-of-
the-concept, two-pole filter is fabricated and demonstrates a measured bi-directional tuning
range from 18.9 to 39.6 GHz, in which the forward (main) actuation tunes from 21.3 to 39.6
GHz with 120 V and the reverse (corrective) actuation tunes from 21.3 down to 18.9 GHz
with 2 V. The measured filter insertion loss varies from 3.14 to 0.78 dB and its instanta-
neous bandwidth from 0.31 to 1.81 GHz. The extracted unloaded quality factor is 265-510
which is comparable to the state-of-the-art filter of this type employing conventional uni-

directional tuners.

1.5 Related Publications

e 7Z.Yang, and D. Peroulis,“A 23-35 GHz MEMS tunable all-silicon cavity filter with-
stability characterization up to 140 million cycles, in IEEE MTT-S Int. Microw.
Symp.Dig., Tampa, USA, 2014, pp. 1-3.

e Z. Yang, D. Psychogiou, and D. Peroulis, “Design and optimization of tunable
silicon-integrated evanescent-mode bandpass filters” IEEE Tran. Microw. Theory

Tech., vol. 66, no. 4, pp. 1790-1803, Jan. 2018.
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2. SI-BASED EVA CAVITY TUNABLE FILTER PROTOTYPE
2.1 General Structure

Fig. 2.1 depicts geometrical details of the proposing MEMS tunable EVA cavity filter
for an example case of a two-resonator transfer function. The cavity top ceiling is a silicon
substrate sputter-coated with a layer of Au film. Two flexible diaphragms, as part of the
Au film, control the resonant frequency of each resonator. A pair of electrodes—Au-coated
silicon-etched posts—are placed above the tuning diaphragms through appropriately etched
via holes on the back side of the diaphragms. A layer of silicon dioxide electrically iso-
lates electrodes from the silicon substrate. This allows us to independently control each
diaphragm. As an additional design detail to be noted, the height of the bias electrode de-
termines the initial electro-static bias gap, which accordingly defines the maximum applied
actuation voltage for a given diaphragm deflection. A metallic package houses the filter
assembly to facilitate the RF excitation through coaxial-type connectors locating at the
bottom side of the package. Those feeding pins are inserted into the filter cavities through
the etched via holes and coupled to the cavity resonator by means of magnetic coupling.
It should be noted that the feeding pins always maintain DC contact with the cavity upper
ceiling for optimal mechanical stability, lower fabrication uncertainty and stronger mag-

netic field coupling.
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Fig. 2.1. 3-D explosive view of the proposing EVA tunable filter structure.

Fig. 2.2. 3-D assembly view of the filter structure.
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2.2 Basic MEMS and RF Design

2.2.1 MEMS Tuner Design

Initially EVA cavity filter tuner employs the flat Au-coated SOI diaphragm.The bending

behavior of a flat diaphragm can be described by the equations below:

4ld Edt?] E t; 3
Puyy=— 1|00+ 133—|Ag +2.83| — | A 2.1
flat Rf,( 0 4R¢21 g Rﬁ 8 2.1)

in which Py, is the pressure imposing on the flat diaphragm and Ag is the out-of-the-plane
deflection. The E,, v, t;, R; are Young’s modulus, Poisson ratio, diaphragm thickness and
diaphragm radius respectively. o is the diaphragm residual stress. Scaling such a design
into a smaller resonator cavity operating on higher frequency demands further reduction of
R,. It results in large Py, and so as high actuation voltage. Pure Au flat diaphragm is a
solution, which reduces the ¢; and E;. However, the scaling bottleneck still exists since R,
remains the highest power among all parameters, and particularly true for the third order
tension term, which governs the large deflection behavior. Furthermore, without silicon,
pure Au diaphragm is susceptible to stress induced reliability issues such as creep and
stress relaxation.

Fig. 2.3 shows a conceptual drawing of the proposing MEMS tuner design employ-
ing Micro-corrugated diaphragms (MCD). The MCD exhibits significantly lower tensile
rigidity in the radial direction [35]. Instead of stretching the material, bending of MCD
elongates its corrugation sections and effectively reduces the radial tensile stress. As a re-
sult, MCD demands lower bias voltage and suffers less material stretch for the same amount
of deflection. The bending behavior of a MCD can be modeled as the superposition of a
stress-free corrugated diaphragm and a flat diaphragm with initial stress [35]:

Edl‘z, 4Bp(1 - ,uz)td E t, 3
Ag+ B,——A 2.2

4
In the above equation, Pycp represents homogeneous pressure on the diaphragm. The

Pyep = (A
d

small deflection stiffness coefficient A, and large deflection stiffness coeflicient B, are both

related to the corrugation profile factor, which is dominated by the ratio of #, to corrugation
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Fig. 2.3. Conceptual drawing of the MCD.

depth H.. The electro-static pressure induced by two parallel DC biased electrode is given
by Eqn. (2.3) (assuming the dimensions of the electrodes are much larger than the DC gap)
%80 V2

Pycp = ————— (2.3)
gpco — Ag

where V, &9, gpco, are the bias voltage, vacuum permittivity, an initial gap between the
electrode and diaphragm. Equating Eqn. (2.2) and Eqn. (2.3), yields the relationship be-
tween bias voltage and diaphragm deflection V(Ag). Solving the equation d(V)/d(Ag) = 0
yields the pull-down voltage and continuous tuning range. The goal of this work is to de-
sign a diaphragm with a bias voltage of less than 200 V and having the largest possible
continues deflection range. The mathematical equations have been translated into MAT-
LAB code. The final designed dimensions and properties of the MEMS diaphragm are
listed as follows: diameter = 1.8 mm, thickness = 1 wm, corrugation height = 3.5 um,

initial DC gap = 45 um, continues theoretical deflection range = 22.6 pm.

2.2.2 Filter Cavity Design

The filter consists of two circular evanescent mode resonators. The eigenmode sim-
ulated Q, of the resonator is 560-810 assuming the cavity wall is perfectly smooth and

perfect connection between the cavity wall and ceiling exists. Two resonators are coupled
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through a coupling iris in the center. For a 2:1 frequency tuning ratio, the normalized cou-
pling coeflicient has a maximum 8:1 variation ratio. By optimizing the aspect ratio of the
coupling iris, coupling variation can be reduced to 2:1. However, the optimized iris design
requires too small of inter-resonator distance that cannot fit two side-by-side 2.4-mm con-
nectors. Therefore, an un-optimized design was implemented due to this restriction. The

HFSS simulated filter performance is shown in Fig. 2.4.

-10
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-40

S Parameters

-50 4
-60

] —S11
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_9018' R T T < T - Tl
Frequency (GHz)

Fig. 2.4. HFSS simulated tunable filter RF performance.

2.3 Micro-fabrication Flow
2.3.1 MEMS Tuner Fabrication Flow

Starting on a 4-inch, 300-um thick, double side polished silicon (S1) wafer whose crys-
tal orientation is <1 0 0>, the first step defines the sacrificial layer for the membrane.
Photo-lithography followed by a buffered-oxide-etch (BOE) process makes the top surface

silicon dioxide layer a hard mask of the corrugation pattern. Silicon wet-etching the wafer
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in a tetramethylammonium hydroxide (TMAH) bath forms trapezoid corrugation profiles.
Based on the study described in [36,37], maintaining the etch bath at 90 °C without stirring
while adding Triton X-100 (10 ppm Triton:TMAH volume ratio) surfactant best retains the

corrugation geometry and surface smoothness.

Fig. 2.5. MCD fabrication step 1: Silicon wet-etch patterns corrugations.

Si02

diaphragm area

Fig. 2.6. MCD fabrication step 2: Oxide-etch removes oxide under MCD area.

The second step defines the deep trenches for bias electrodes and RF probe feeds. Spin
coating then hard baking deposits a layer of thick photo-resist (PR) (15 um AZ 9260) on
the back side of wafer. Lithography and BOE expose silicon on the trench area. Without
removing the PR mask, plasma deep-reactive-ion-etching (DRIE) creates deep trenches and
stops at a depth of 275 um while reserving a 25 wm thick layer of silicon as the sacrificial
layer of the diaphragm. The DRIE process consumes around 10 um of PR, which protects
the underlying silicon dioxide layer. Such an oxide layer is critical for preventing DC
biasing current leakage. Afterwards, the remaining photo-resist is removed in a 80 °C

Baker PRS-2000 bath.
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Au 1um

Fig. 2.7. MCD fabrication step 3: Au sputtering.

Via Holes

Fig. 2.8. MCD fabrication step 4: Au-etch patterns releasing holes.

In the third step, lithography and BOE removes remaining silicon dioxide hard masks
within the diaphragm area. Co-sputtering Au and V deposits a 1 wm Au film on a seed
layer of Ti in an argon plasma chamber.

Making the intrinsic stress of the corrugated diaphragm tensile and minimal is criti-
cal to maintaining its flatness after releasing. Otherwise, a stressed corrugated diaphragm
displays large initial bending and its mechanical behavior does not follow the analysis in
Section 4.2.2. To this end, in-house experiments conducted based on [38] show fine tuning
chamber pressure to 7.6 mTorr results in the lowest deposited tensile stress 0-45 MPa.

Spin coating PR on the sputtered film builds a lithography mask for Au etching. This
thick resist must cover the corrugation edges well. The etching removes large area of gold
on the die boundary as well as small releasing holes in the diaphragm area. Prior to the
etching, performing an argon plasma surface treatment makes the surface of photo-resist
hydrophilic to ensure etchant accessibility to the exposed Au surface. A short bath in the

Ti etchant afterwards removes the remaining Ti seed layer.
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The forth step deposits a 1-um thick layer of silicon dioxide using plasma-enhanced
chemical vaporized deposition (PECVD) with a seed layer of silicon nitride. Photo-lithography
and BOE removes most of the oxide thin film on the Au surface but preserves a small
margin near the cavity edge for the MOM sealing. Finally, Xenon-difluoride dry etch-
ing removes the silicon sacrificial layer and releases the diaphragm. This step is typically

performed after cavity bonding for better yield.

Fig. 2.9. MCD fabrication step 5: Deep-reactive-ion-etching digs back side via holes.

Fig. 2.10. MCD fabrication step 6: Xenon difluoride silicon etching release the diaprhgm.

2.3.2 Filter Cavity and Electrode Fabrication Flow

Starting on a 675-pum thick 4-inch double side polished silicon wafer with crystal orien-
tation <1 0 0> , the same TMAH etching techniques create a 400-um deep cavity. PECVD
deposits a 100 nm silicon nitride layer within the cavity to protect its surface finishing.
DRIE etches RF feed via holes through the back of the wafer while the pre-deposited sil-
icon nitride layer automatically stops the etching when the via holes are etched through.

After BOE removes all dioxide, repeating sputtering deposits a 1.5 um Au film on the top
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and bottom side of the cavity. Controlling sputtering pressure for the gold film intrinsic

stress minimizes the resulted sheet resistance.

Si02  (depth 400um

iy

Fig. 2.11. Cavity fabrication step 1: TMAH silicon etch.

huded !

Fig. 2.12. Cavity fabrication step 2: Deep-Reactive-Ion-Etching.

LA S

Fig. 2.13. Cavity fabrication step 3: Au deposition.

The electrode was fabricated on a 1-mm thick 4-inch double side polished silicon wafer.
Firstly, Au sputtering deposits 0.2 um of Au on the backside of the wafer. Then DRIE on
the front side of the wafer creates posts. Finally, Au sputtering then coats the electrode post

and side walls. Finally, the sample is diced and cleaned.
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2.4 Die Assembly and Packaging
24.1 Substrate Bonding

Conventional bonding process commonly use eutectic gold—tin soldering. However, the
solder reflow effect makes the solder layer thickness hard to control so as the RF post gap.
As a solderless alternative, conventional thermal compression bonding requires excessive
high temperature—larger than 300 °C. Such high temperature plus pressure can severe

damages the released diaphragm and lead to meager yield.

Low temperature Surface Activated Bonding

XeF2 Release
Si02 \ Si02

A\

XeF2 Release

Fig. 2.15. Demonstration of diaphragm release and bonding procedures.

As a mitigation, it is preferable to perform bonding prior to the diaphragm release as
such the 45 um silicon sacrificial layer protects the diaphragm from buckling. Fig. 2.15
depicts the proposed bonding scheme. The unreleased die is bonded with the cavity die
prior the XeF?2 silicon etch. Since the Au film thoroughly covers the cavity die, there is no
impact on the cavity die if exposed in the XeF2 etching. External feeding via holes on the
bottom of the cavity essentially becomes the gas venting channel for both of the chamber
vacuuming stage and etching stage. Nevertheless, for such bonding flow, the diaphragm
surface is within the cavity thus the etching progress no along be able to be checked by an
optical microscope. Instead, using infrared microscope addresses such issue, referencing
the Fig. 2.16, We can measure and control the etched MCD boundary precisely to the

designated value.
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On the other hand, reducing the bonding temperature is necessary to prevent diaphragm
builds up non-ideal residual stress. For such reason, this work employs a technique so-
called surface active bonding reported in [39]. Prior to the bonding, both of the un-released
diaphragm substrate and cavity substrate are cleaned with RCA II processes to remove the
particles and organic substances on their surfaces. Afterward, We follow the recipes rec-
ommended in [39], preparing the clean, active surfaces by irradiation of argon RF plasma
(oscillation frequency: 13.56 MHz; RF power: 100 W; plasma pressure: 7.6 Pa). Such
process slightly roughen the Au surface with a rate of 30 nm/min. After surface activation,

we aligned and bonded the samples using a heated flip-chip bonder of temperature 150 ° C.

Fig. 2.16. Infrared microscope images of diaphragm release by xenon difluoride.

2.4.2 Filter Package Assembly Flow

Fig. 2.17 summarizes the prototype assembly process. There are two 2.4 mm coaxial
ports screw fastened on the aluminum bulk. The center pins with its wrapped dielectric
layer go through the aluminum bulk by via holes. While one end of the center pin is
inserted into the coaxial port center pin receptor hole, the other end is making contact to
the cavity ceiling. There is a friction between the receptor hole and the center probe to
maintain the height of the center pin. The sample of the bonded filter silicon die then
aligned and pressed into the package. The friction between the cavity port via holes and
the center pin dielectric hold it in the aligned state. Afterward, the two tuning electrodes are

aligned with each of their post centers to the center of the diaphragm then carefully placed
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Fig. 2.17. Filter package assemble flow.

on top of the MEMS die. Afterwards, we mount a piece of plastic lid closing the package
by fastening four threaded mounting screws in the corners. In this end, We use another two

fine-threaded biasing screws screwing into the package and gently touching the electrodes.

2.5 Prototype Measurements
2.5.1 Filter S-parameter Measurements

After the prototype assembly, we measured filter RF functionalities using an Agilent
E8361A network analyzer. Two Keithley 2400 power supplies independently bias each
resonator and tune the filter from 23.4 GHz to 35.1 GHz. Fig. 2.19 summaries the mea-
surement results. The full-range bias voltage is less than 140 V. By fitting to the HFSS
simulation results, the extracted experimentally achieved RF gap is between 1.8 um to 10
um. Assuming a back-to-back connector loss is 0.3 dB, the extracted resonator quality fac-
tor is 530 to 750 over the tuning range. These results are very close to the ones predicted by

HFSS eigenmode simulations of 560 to 810. The measured pass-band ripple level though is
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higher than the simulated one. This is due to the external feeding pin not being perfectly in
contact with the filter cavity ceiling and thus resulting in a slightly weaker external coupling

coeflicient.

Fig. 2.18. Filter S-parameter measurement setup.

2.5.2 MEMS Tuning Stability Characterizations

In order to qualify the long-term tuning stability, We further tested the filter with a 500
Hz 0-70 V square wave bias signal cycling the MEMS tuners. There is are temporarily
short stop for data collection during the cycling process. During the stop time, we record
the OV unbiased frequency and the voltage tunes the filter at 30 GHz. This process lasts
until tuner completed 1 billion cycles and Fig. 2.20 plots the results versus number of
cycles.

The plots are depicting the so-called “bathtub” curve for characterizing the phase of
the DUT lifetime. The filter finishes its break-in for the first 40 million cycles. Afterward,
the device reaches its steady state, and high stability is achieved. During the steady state

region, the stress relaxation effect is gradually making the diaphragm softer as such the
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Fig. 2.19. (a) Measured filter transmission coefficient (b) Measured filter
reflection coeflicient.
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Fig. 2.20. Diaphragm in package cycling test setup.

bias voltage for 30 GHz is stepping down and the neutral position is creeping higher. When
the number of cycles reached 600 million, the fatigue accelerates the diaphragm softening
and plastically deformed so that the unbiased frequency no longer returning to 20 GHz. It
worth to point out that, voltage compensation can correct the tuning error. Nevertheless, the
unbiased frequency cannot be compensated, and eventually, lead to a significant reduction.

This is the primary failure mode of this technology.

2.6 MEMS Tuning Stability Enhancements

To achieve an octave frequency tuning, the MEMS diaphragm needs to provide a dis-
placement of at least 10 wm. This is a substantial displacement for a 1-to-2-um thick
diaphragm which makes it susceptive to creep/fatigue. This is particularly true when vis-
coelastic metals such as gold are employed [40]. Employing MCD design partially allevi-
ates the bending stress and reduces creep. Further stability enhancement demands mitigat-

ing viscoelasticity of the metallic film.
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Fig. 2.21. (a) Mid-band (30 GHz) tuning voltage variation of operation
cycles, (b) Low-band (20 GHz) unbiased tuned frequency drift over oper-
ation cycles.

Creep-resistant thin films have been actively studied [41], [42] and it has been reported
that transition elements such as vanadium exhibit promising characteristics. For example,
Au-V films show significantly increased resistance to inelastic deformation at high tem-
peratures [41], which is an attractive feature of this material for applications in RF MEMS

tunable filters.
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Incorporation of Au-V diaphragm requires no extra process but an extra vanadium
source simultaneously excited during the Au sputtering process. Sputtering current ra-
tio of V-to-Au is the knob controlling the vanadium concentration. In this work, we set
V-to-Au current ratio as 20-to-100 mA. The result shows in the co-sputtered Au-V film
V atomic percentage is 2.2 at. %. by characterizing its element composition using X-ray
photo electron spectroscopy (XPS).

Fig. 2.22 shows the captured SEM images of the Au and Au-V (2.2 at. % V) surfaces
and their surface grains. A simple linear intercept method in [41], calculates the average
grain size. There is no abnormal grain growth observed in either of the pure Au or Au-V
film surface. The images show obvious reduction of the average grain size from about 133
nm of the pure Au MCD to about 58 nm of the Au-V MCD. Smaller grain size posts more
friction preventing the grain dislocation inducing creep/stress relaxation.

Conductivity of vanadium is lower than gold. To see its impacts on the filter perfor-
mance. We conducted a experiment reveals the impacts of filter’s RF performance due
to employing Au-V MCD. Insertion loss and extracted unloaded quality factor of filters
equipped with Au and Au-V diaphragms are compared in Fig. 2.23. Both filters have the
same Au sputtered cavity. The results show that by introducing vanadium in the membrane
additional loss of 0.15 to 0.9 dB is generated resulting in an effective quality factor penalty

of 30-35%

$4800 20.0kV x45.0k SE(M)

(@)

Fig. 2.22. SEM images of surface grains of (a) pure Au and (b) Au-V (2.2 at.% V) MCDs.
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Fig. 2.23. (a) Measured insertion loss with connector loss de-embedded.
(b) Extracted unloaded quality factor.

We also performed In-Package frequency stability measurements on the same setup as
the S-parameter measurement setup. To simplify the process, only the resonance of one
of the resonators is recorded. The resonance of the other resonator is placed at a distance
larger than 10 GHz from the resonator under test. Initially, the frequency of the resonator
is recorded at a zero-biasing level (relaxed membrane) which corresponds to a frequency
of 20 GHz. Subsequently, a constant DC bias voltage is applied to drive the resonance

to the designated frequency (24 GHz for this measurement) and the frequency drift data



29

©Au-V Diaphragm

a 4

N

o

o
T

Ferquency Drift (MHZz)
S o
o o

2.7 MHz/hr

(&)
o
T

e-oSod

0 2 4 6 8 10 12 14
Time after phase Il creep is initiated (Hours)

Fig. 2.24. Measured frequency drift after phase II creep is initiated. The
measured center frequency is 24 GHz.

is recorded over time. The obtained response (both for Au and Au-V) is summarized in
Fig. 2.24. The recorded drift is due to phase II creep also known as the second stage creep.
More details are available in [43]. In this stage the creep rate is approximately constant.
The Au-V diaphragm exhibits a 7x slower phase Il creep rate than the pure Au case that
corresponds to a frequency drift rate around 2.7 MHz/hr. Summarizing the above, it is
apparent that there is a trade-off between mechanical stability and RF performance when
pure Au and Au-V composites are employed. It is a preferable trade-off for most of the
applications. Furthermore, a closed feedback control loop [44] can eliminate such drift

iSsue.

2.7 Technology Summary and Design Rules

Based on the prototype fabrication, assembly, and experiments data, Table 2.1 and Fig.
2.25 present the most critical practical realization aspects of the MEMS tunable all-silicon
cavity technology and the chosen geometrical details for the further development. They are

summarized as: 1) maximum MEMS deflection, ii) minimum capacitive gap, iii) slope of
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the cavity walls and iv) minimum radius of the cavity post. The selected microfabrication

and assembly processes dictates most of these. Specific constraints are described below.

|
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Fig. 2.25. General Design Constraints of MEMS Tunable EVA Filter.

The loading capacitance of the EVA resonator dictates the filter’s tuning range. This can
be increased by achieving a larger MEMS displacement Ag and by starting from a smaller
initial RF gap g;. We note, however, that larger Ag requires higher DC bias and induces
more tensile stress that makes the MEMS diaphragm susceptive to creep. This is partic-
ularly critical when viscoelastic metals such as Au are employed [40]. Such issues can
be mitigated by introducing corrugations on the MEMS diaphragm that alleviate the stress
and creep as discussed in [13]. As such the maximum acceptable DC bias voltage and di-
aphragm creep rate set the limit for the maximum diaphragm deflection. This is quantified
around 15 pm for the MCD used in this work. The minimum initial gap g; is mostly lim-
ited by manufacturing issues and mostly substrate roughness and post-release diaphragm
bending. For silicon substrates roughness is negligible compared to the post-release di-
aphragm bending. As a result, the fabrication process needs to be well tuned to minimize
the diaphragm’s initial bending. In this work we achieve this by performing a pre-release
MEMS-to-cavity bonding that prevents diaphragm buckling during the bonding process.

The alternative process of post-release bonding induces severe thermal stresses that typi-
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cally lead to unacceptably high post-release diaphragm deflection. Using this process we
can minimize g, to about 1.2 um with an uncertainty of less than 0.2 pm.

Employing silicon as a structural material for this filter technology also brings some
practical realization considerations. In order to realize high-Q, air-filled cavities, their bulk
micro-machined sidewalls need to exhibit low surface roughness as well as to be coated
with at least a 1-um thick metallization layers (i.e. thicker than the skin depth: 0.43 pm
at 30 GHz). Smooth cavity walls are achieved with anisotropic wet-etching based on a
TMAH + triton X-100 solution. This process though results in undercuts that in turn limit
the minimum achievable center post top radius a, as discussed in [37]. After performing
a set of in-house microfabrication experiments, the minimum post top surface radius was
found to be around 55 um without post shape deterioration. However, such an etching

recipe creates 47° sidewalls that need to be considered during the RF design of these filters.

2.8 Related Publications

e Z.Yang, and D. Peroulis,“A 23-35 GHz MEMS tunable all-silicon cavity filter with
stability characterization up to 140 million cycles, in IEEE MTT-S Int. Microw.
Symp.Dig., Tampa, USA, 2014, pp. 1-3.

e 7. Yang, and D. Peroulis,“A 20-40 GHz tunable MEMS bandpass filter with en-
hanced stability by gold-vanadium micro-corrugated diaphragms, in IEEE MTT-S
Int. Microw. Symp.Dig., San Francisco, USA, 2016, pp. 1-3.

e 7. Yang, D. Psychogiou, and D. Peroulis, “Design and optimization of tunable
silicon-integrated evanescent-mode bandpass filters” IEEE Tran. Microw. Theory

Tech., vol. 66, no. 4, pp. 1790-1803, Jan. 2018.

e Z.Yang, R. Zhang, and D. Peroulis, “Design and optimization of bi-directional tun-
able MEMS all-silicon evanescent-mode cavity filter” IEEE Tran. Microw. Theory

Tech., under review.
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3. ADVANCED FILTER DESIGN AND OPTIMIZATION

3.1 Resonator Design
3.1.1 Analytical Resonator Model

Figure 3.1(a) shows a conceptual drawing of the EVA resonator in all-silicon technol-
ogy. As mentioned before, wet-cavity etching results in inclined cavity walls as opposed
to the vertical ones of a conventional coaxial resonator. The electromagnetic (EM) field
distribution within the cavity resembles the TEM mode of a pure coaxial line. As such, the
all-silicon resonator architecture can be modeled as a capacitively-loaded tapered coaxial
line as shown in the circuit schematic in Fig. 3.1(b). Its characteristic impedance Z, at
position x can be calculated as:

I (i, (00~ @
Zy(x) = 5 Ho 1n(—’x“’>) G.1)
T Eo ap + 7an(0)

in which ay and b, are the inner and outer conductor radii at x = 0 (Fig. 3.1(a)). Such
a linear variation of the inner/outer conductor radius results in a non-linear impedance
change. To better model its response, we follow the design approach depicted in Fig. 3.2(a).
Specifically, the tapered line segment is discretized into N electrically-short non-tapered
coaxial lines whose inner/outer conductor ratio equals the mean ratio of the corresponding
tapered line section. For each section we compute its equivalent ABCD matrix leading
to a straight-forward calculation of the overall ABCD matrix. The overall ABCD matrix
represents an equivalent st-type network [45] with a series inductance L.,,, and two parallel
capacitances Cy, C; to ground, Fig. 3.2(a).

To demonstrate this model we apply the aforementioned analysis to an EVA tunable
resonator with ¢y = 0.11 mm, by = 2.4 mm, & = 1.5 mm and 6 = 60°. Fig. 3.2(b) plots the
calculated L., C1, C;, as a function of the number of transmission line segments N. They

are plotted normalized to the N = 1 value. As can be seen, all equivalent circuit parameters
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Fig. 3.1. Conceptual drawing of the EVA cavity resonator in all-silicon
technology. (a) Cross-section view of the resonator. (b) Equivalent circuit
model.

converge for N > 4. The values of the modeled circuit parameters are also compared to
HFSS simulations. While L., agrees well to the HFSS results, both capacitances are un-
derestimated. This is because the proposed model ignores the vertical electric field caused
by the inclined side walls. Nevertheless, this is not a serious limitation, because a) C; is
shorted and b) C; is in parallel with and much smaller than C,,,. As shown below, even
a large error in C; hardly affects the computed resonant frequency since it is much smaller
than C .

Besides the TEM mode, part of the electric field energy is stored in an electric field
distribution similar to the TMy;o mode. This part of electric energy is modeled as C e
as shown in Fig. 3.3(a). As expected, this mode is significant only when C,, is small,
i.e. only when the cavity is not heavily loaded. This is clearly shown in Fig. 3.3(b). To
quantify the significance of C., the resonance frequency wy is calculated assuming C

is negligible so as:

Wy ~ 1/ \/Lcoax(cpost + Cl) (32)



35

% Ste— b —> |

| N
Coax 1 ABCD
1
Coax 2 ABCD
' ]

—)I a I<— b —)I
Coax N ABCD

I |
‘ 0

Leoax
|

2 <:I
| ABCD Overall
|
| | |

()

C2 (HFSS) Leoax (N)

Lcoax (HFSS)

Ciovy Cirssy  Caw
Cl (N=1) Cl (N=1) CZ (N=1) Cz (N=1) Lcoax (N=1) Lcoax (N=1)
> - - -0~ - - = -
2
—e—0 © © ©

Ratio

—— ’|‘ ” * *
6 7 8
Section Number N

(b)

Fig. 3.2. Tapered coaxial line. (a) 1-D discretization approach and its re-
sulting equivalent m-type circuit model. (b) Equivalent circuit parameters
for different number (N) of transmission line segments.
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and plotted in Fig. 3.3(b). Comparing these to HFSS results shows that we may get a 10%
error if Cq 18 ignored. While it is not easy to analytically model C 4., HFSS simulations
can easily estimate it if higher than 10% modeling/design accuracy is desired.

To summarize, the parallel combination of C,,, C, and C,,. forms the total capaci-
tance of the resonator

Cresonator = Cpost + Cl + Cplate- (33)

For micrometer-scale capacitive gaps (1 to 20 um in this case), C), in parallel with C .
tend to dominant as they are typically 5x larger than C,. As such, a 20% error in C; will not
generate significant error on the center frequency estimation, Fig. 3.3(b). In other words,
we observe no significant difference in the calculated w, by increasing the modeling section
number N from 1 to 4. For simplicity, therefore, we can model the tapered line by using
just a single section (N = 1 in Fig. 3.3). Based on the above analysis, L., and C; can be

approximated as

1 Mo b
Lcoax ST —In(-)h 34
6 x 108\ & n(a) 3-4)

2
C, ~ d h (3.5)

2 by
6 x 108 ./ In (%)

3.1.2 Tuning Range Analysis

According to the schematic shown in Fig. 3.3(a) and assuming C,, is significantly

larger than C|, the frequency tuning ratio can be calculated as

WoH _ ( gr C] + Cplate _%

+ (3.6)
8L+ Ag max CpostL

wor,

in which wog, wqr are the highest and lowest frequencies of the tuning range. The capaci-
tance C), . represents the initial post capacitance when the MEMS tuner is at its unbiased

position. This can be approximated as

807‘1’03

8L

3.7

CpostL =
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Fig. 3.3. (a) Equivalent circuit of an all-silicon EVA resonator. (b) Reso-
nance frequency versus capacitive gap.
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Note that the first term in (3.6) is controlled by the MEMS tuner deflection, while
the second term is mostly related to the cavity dimensions. A larger tuning ratio can be
achieved for a smaller initial gap g;. Consequently, we fix g; to the smallest initial RF
gap grmin that can be manufactured or tolerated from a power handling point of view [30].
With a fixed g1, Co51 1 Only related to ay. The second term in (3.6) also shows that larger
Crosi. (i-€. ap) leads to higher tuning range. We should also keep in mind that for each
selected C 1 (Or ap), there exists an optimal set of b and & that minimize the numerator—
Ci + Cpe—o0f the second term in (3.6) leading to the highest possible tuning ratio.

We can obtain further insight on these aspects by inserting (3.4) and (3.7) into wy, =

1/ A/LcoaxCposiz.- This yields
gu(6x10%) 1
W}, ag o€ In (g)

This equation defines the b-h relationship for given a, g, and wy,. Also this equation for

(3.8)

h can be used in (3.5) to calculate C;. This allows us to make the following observations.
First, a low C; requires a large b; h will be calculated by (3.8). On the other hand, a large
b value increases C ., —please see design example in Fig. 3.4(b). As a result, there is
an optimal set of b and & to minimize the sum of C; + C.. This optimization is better
performed with the aid of an FEM simulator.

Let us demonstrate this optimization process for a resonator with vertical sidewalls
shown in Fig. 3.4(a). In this example, g, = 1 um, Ag,ux = 19 um and wy, = 20 GHz. If
the post radius is chosen as ay = 90 um, (3.8) will return various possible cavity designs
with different aspect ratios. As shown in Fig. 3.4(a) the maximum tuning ratio is obtained
for h = 0.6 mm and b = 0.83 mm. In general, high-aspect ratio cavities should be avoided
when a large tuning range is required.

Fig. 3.4(b) summarizes the C,.spnaror and Cpyye values at the woy tuned state as ex-
tracted by the values shown in Fig. 3.4(a). The analytically-calculated C;, L., and FEM-
simulated C),, values have been used here. As expected, there exists an optimal b value

that maximizes the tuning range.
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3.1.3 Quality Factor Analysis and Optimization

The analytical equation for Q, of an EVA cavity resonator has been derived in [46] as

0, = WoHo In(%)h
" Ry (1+1)n+21n(2)

optimum relationship for maximum Q, is obtained when the ratio between the inner and

where R; is the sheet resistance of the cavity sidewalls. In [46], the

outer radii equals 0.28. However, this is only valid for static resonator designs. A new
design approach is needed for a tunable design particularly when many practical design
and fabrication considerations have been to be taken into account.

Four independent design variables (g;, a, b, h) along with the required tuning range
and fabrication limitations dominate Q,. There is no easily-derived analytical equation that
directly leads to optimized cavity dimensions. Numerically exhaustive searching is also
impractical. Nevertheless, we obtain useful insights by reorganizing the aforementioned

Q, expression as

— wWolo Lcoax
R2x107) (L + 1)h+21n(2)

It is interesting to note that QW g significantly higher than any of the other partial

a(L(.'()tl)()
o u do U g u 1 ]
a((Qa))’ a((%) and (;(Qh))). Thus Q, is dominated by L.,,,. Consequently, as shown

Qu

(3.9)

derivatives (

by (3.6) and (3.9), although a large L ... leads to high Q,, it also leads to a small C,,z
and reduced tuning ratio. It is clear then that Q, and tuning ratio is an important trade-off
pair. The right strategy is to find a design that meets the tuning range requirement with the
smallest possible C . and thus the highest possible Q,,.

The iterative optimization procedure is summarized then as follows

1. Decide on the minimum gap g, = grmin based on fabrication limitations and the

needed power handling/linearity requirements [30].

2. Start by setting ay to its smallest fabrication-achievable value ay,,;,. This will result

to the minimum C,, ;. for the given gap g; = grmin and therefore the highest Q,.

3. Find the largest possible tuning range by optimizing the cavity aspect ratio with the

procedures detailed in the previous sub-section B.
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Fig. 3.5. Quality factor optimization of a 20-40 GHz resonator that fulfills
all tuning requirements under design constraints.

4. If the achieved tuning range is smaller than the target, increase a, until the obtained
tuning ratio reaches the target. If the achieved tuning range is higher than the target,

increase g, (so to increase Q, as well as power handling) and repeat steps 2 to 3.

A design example of a 20 to 40 GHz resonator is illustrated in Fig. 3.5. The design
constraints for this work are listed in Table I. By following the above design procedures,
we see that for designs with ay less than 100 wm there is no practical solution that fulfills
the tuning requirements. The red solid line in Fig. 3.5 is the best possible design in the
sense that all remaining solutions will have larger than required tuning range at a cost of
lower Q,. The design implemented in this work is shown with the dashed green line in
Fig. 3.5 (ap = 110 wm, by = 2.4 mm, & = 0.4 mm). Such design was necessary due to a) the
bottom area requirement for the coaxial probe feed, b) limited choices of available wafer

thicknesses and c¢) in-house fabrication capabilities.
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3.2 Inter-Resonator Coupling Design

The general inter-resonator coupling structure of an all-silicon EVA tunable filter is
shown in Fig. 3.6. Note that, adjacent EVA resonators are synchronously or asynchronously
tuned and coupled through a coupling iris whose cross-section is a trapezoid due to anisotropic
silicon etching. This is represented in Fig. 3.6(a) with a solid line. As reported in [47],
such waveguide can be approximated as an equivalent rectangular waveguide with width W
shown in Fig. 3.6(a) (dashed line). The depth of the iris—defined by silicon wet-etching—
is the same as the resonator depth 4. The coupling strength is determined by the resonator
separation D and the iris width W. While for a single-frequency design a range of D and W
values provide the required coupling strength, the situation is more complex for a tunable
filter. In the latter case it is important to select the optimal D and W values that mini-
mize bandwidth variation over the tuning range while simultaneously providing the needed
coupling strength. To this end, it is preferable to have an analytical model that guides the
inter-resonator coupling structure design process.

Significant research results [48—50] have been reported in the literature regarding the
design and modeling of evanescent mode waveguide bandpass filters. The inter-resonator
coupling section is defined as the area between the two cavity posts. Capacitive loading
on the cavity post drives the coupling section under evanescent mode operation. In [48]
an evanescent-mode coupling section without step-discontinuity (W = 2b) is modeled as a
transmission line assuming only the fundamental TE;y mode within the coupling section.
It is also capacitively loaded as shown in Fig. 3.7(c). The evanescent-mode characteristic

impedance jX, of the transmission line and its propagation constant y, can be calculated as

) ) 465h
Xy = j——— (3.10)
WG 1
2 A 2
=—4/(==) - 1. 3.11
Y= (ZW) (3.11)

In this work, the diameter of the loading post is small compared to the outer conduc-
tor. As such, the inductance associated with the coaxial structure is not negligible. The

resonator inductance—derived in Section III as L,,,—is included in parallel to C . In
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Fig. 3.6. (a) Equivalent rectangular waveguide for a tapered waveguide,
(b) Top-view of inter-resonator coupling structure, (c) Side-view of inter-
resonator coupling section.

addition, the model is further generalized for a coupling structure with step discontinuities
as shown in 3.7(b). The shunt susceptance generated by the step discontinuity assuming
the TE;p mode has been derived in [51]. Such susceptance behaves as a lumped inductor
L., whose value is negative within the frequency range under its cutoff frequency. The
analytical expression of L., based on the geometry shown in Fig. 3.6 can be written as

4653(4b)(1 - p/2)
213 x 10%)(p2(1 + p) In 2)

(3.12)

step —

where p = 1 — W/2b is the geometrical ratio of the step discontinuity.
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resonators.

The evanescent-mode transmission line in Fig. 3.7(c) can be transformed into an equiv-
alent st-network and rearranged as the circuit shown in the blue box in Fig. 3.8 with the

following parameters

X, sinh oD
L, = 20y (3.13)
w
and
X, tanh yoD
L, = 22N (3.14)

w
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Fig. 3.8. Further derived equivalent circuit of the coupled resonators.

Thus the circuit shown in Fig. 3.8 is in the form of a coupled resonator and the coupling
coeflicient can be calculated as K(w) = (L. || Leoax || Lgep)/ L by linear circuit analysis.
However, both L,, and L, are non-linear in the sense that both inductance values are fre-
quency dependent. Such disagreement is fixed by multiplying a correction factor A which
is derived in the appendix of [48]. In this work, the model is expanded with two extra
elements, L.,y and Lg,,. Consequently, the original formula of A is re-derived into

A = 2 (3.15)

1 Le | |Lcoax| |thep 1 ( _ Le | |Lcoa.\'| |Lstep )
Lcoax”leep 1—(%)2

LC()GX' |L.Y1L’p

in which A, = 2W is the cut-off wavelength. Equation (3.15) is reduced to the original

A=2(1+ Tlmz)_l by setting L.oqx = Lyep, = 00. The coupling coefficient K(w) can be

derived by using the aforementioned expressions for L., L, as

A
sinh(yoD) (52— + 1)

W(Leoaxl ILSlcp)

The validity and significance of the proposed circuit model is demonstrated by com-

K(w) =

(3.16)

paring it to HFSS simulations as shown in Fig. 3.9. To extract K from HFSS simulations

we follow the process outlined in [52] for magnetically-coupled synchronously tuned res-
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2

m

onators and write K = (2 — f2)/(f? + f2). The frequencies f, and f;, represent the even-
and odd-mode resonant frequencies that correspond to the lowest two resonant frequencies
obtained by HFSS eigenmode simulations. In Fig. 3.9(a) we validate L.,,, with a coupled
EVA resonator pair with no step discontinuity in the coupling section. The predicted K
from the proposed model is in close agreement with the simulation results. In Fig. 3.9(b)
we introduce a step discontinuity. The proposed model that includes both Ly, and L4,
agrees well with the simulation results.

The aforementioned analysis and equivalent circuit assume that only the evanescent
TE ;o mode exists within the inter-resonator coupling region. Such approximation is valid
only when the iris step discontinuity is small (W/2b close to 1) or far from its adjacent
resonator posts (D/2b larger than 1). Otherwise, the above analysis underestimates the
coupling strength due to excluding higher order modes generated by the step discontinuity.
Full-wave simulation is necessary for accurate results when those higher order modes are
significant. One way to make the model capture such effect is to replace the physical iris
width W with an effective iris width W, given by W,/W = m(D/2b)™"(1 — W/2b)* + 1. The
coefficients m = n = 1.5 are extracted from numerical FEM experiments. As expected for
large D/2b or when W/2b ~ 1, W, is equal to W.

As mentioned before, a widely-tunable filter imposes additional requirements on its
coupling coeflicient in order to minimize frequency dispersion. This can be quantified by
calculating the derivative of (3.16). By keeping only the dominant terms, this derivative

can be approximated as

oK A'D(- 22
e ( 2 : (3.17)
@ sinh(oD) G iy + D
Comparing to (3.16), (3.17) can be further simplified as
0K 0’)/0
— ~ D|—|K. 3.18
ow ‘ ow ' ( )

Typically this equation is minimized at the center of the band w,, where the optimal

coupling is designed to be K,,, = FBWm;; where FBW is the desired fractional band-
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width and m;; is the synthesized normalized coupling coefficient between the i-th and j-th

resonators. Thus at the center of the band we have

0K 8)/0

— = D|—|(FBWm;;). 3.19

OW |woy 'aw‘( mij) ( )
Based on the expression of y, and (3.16), choosing a small W reduces % while it also

results in a small D to maintain the same center-frequency condition K, = FBWm;;.
Consequently, limiting frequency dispersion requires us to reduce W to the geometric limit
2b > W > 2+/b? — D?/4.

This coupling design procedure is illustrated on a two-pole tunable filter example with
FBW = 0.025 and m;, = 0.707. In Fig. 3.10 we have graphed the normalized coupling
coefficient for different design choices. At the center of the tuning band (30 GHz) we have
maintained K|, = 0.017 for all designs. As expected the worst results occur for the max-
imum possible width W = 2b. Optimal results are obtained for the smallest possible width

Wo=2pr-2

+- We choose the coupling design with the lowest frequency dispersion

achieved by D = 4.3 mm and W = 1.9 mm to proceed.

3.3 External Coupling Design

The external coupling mechanism scheme is shown in Fig. 3.11(a). We employ a mag-
netic coupling mechanism since nearly all electric field is concentrated on top of the post.
Nevertheless, the presented design technique is not limited to the selected geometry. The
external coupling coeflicient is mainly controlled by the distance between the center pin of
the coaxial probe and the center post (D,..). This coupling structure can be represented
by the equivalent circuit model shown in Fig. 3.11(b). In particular, the coupling to the res-
onator is modeled as an ideal transformer whose turn ratio » is a function of frequency and
D, ope- A transmission line with characteristic impedance Z, and length L. is included
to represent the phase shift that is generated by the coaxial probe discontinuity—calculated
at the defined reference plane—. Due to the nature of this geometry, there exists no closed-
form equation to accurately determine Q, and L ... Hence numerical simulations need to

be performed in order to extract the aforementioned parameters.
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Fig. 3.10. Coupling structure design with frequency dispersion optimization.

As an example, we design the external coupling for the previously-selected resonator
dimensions ap = 0.11 mm, by = 2.4 mm and 4 = 0.4 mm. Both Q, and L, are ex-
tracted by HFSS simulations. Specifically, L. is determined from the phase offset of
the simulated reflection coefficient shown in the Smith chart of Fig. 3.11(c). The value of
Lhase (0.85 mm in this case) does not depend on D, which confirms the validity of the
suggested equivalent circuit model. With the simulated reflection coefficient S;, Q. can

be extracted as Q, = wo—T“waO)

in which 7g;(wp) is the reflection group delay at the tuned
resonance frequency wy. The extracted Q, for various D, is plotted in Fig. 3.11(d). It
can be seen that Q, varies monotonically with D,,,,. and frequency. There is a unique
D ,.op value that yields the desired Q, at a single tuned frequency (often taken as the center

of the band wqyy).
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Similarly to the inter-resonator coupling design, the frequency dependence of the ex-
ternal coupling is important for widely-tunable filters since it determines the available
impedance matching. While active compensation is possible, it comes at the cost of ad-
ditional loss and non-linearity. In this work we opt for passive compensation as shown in
Fig. 3.12. This technique includes two transmission line sections with lengths L; and L,
and impedances Z; and Z, cascaded in series. This mechanism is explained below.

The original unmodified external quality factor without the two-line matching network

in Fig. 3.11(b) can be calculated as Q. = (W2WC resonaror)/Re(Yino) Where Y;,o —typically

1

56 —is the input admittance shown in the figure. The effect of the two-line matching

network can be understood by comparing the real parts of the input admittances

OeNEW _ Re(Yino)
Q.0 Re(Yiunew)

(3.20)
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Fig. 3.13. (a) Example of external quality factor tailored by matching
network. (b) Example of external coupling tailored by matching network
for filter maintains FBW and absolute BW.

where Q.yew 1s the tailored external quality factor achieved with the addition of the two-
line matching network. The ratio of Y;,o over Y;,ygw can be understood as a correction

factor calculated as
1 Zo+ jZ;tan(B(Ly + L puse
:Zj 0 ] j (ﬁ( 1 phas )) (321)
YinNEW Zj + ]ZO tan(B(Ll + Lphase))




53

where Z; = Z, %is the input impedance observed at the connection point between
the lines and 3 is the propagation constant.

The main idea then is to design the two-line network so the external quality factor
achieves its optimal value. This value is determined by perfect impedance matching over
the entire tuning range. This requires an external quality factor equal to

1 m
Kij(w) m_?,

Qeldeal(w) =

(3.22)

in which, Kj; is pre-determined by the inter-resonator coupling design and m;, m;; represent
the needed de-normalized external and inter-resonator coupling coeflicients respectively.

To realize an external quality factor as close as Q.j4.c; W€ can follow a two-step de-
sign process. First, vary D ... until we achieve the best implementable probe position that
makes Q. as close as possible to Q,/4.;- Second, we choose the two-line section parame-
ters to further tune the coupling coefficient until the obtained Q,ygw becomes nearly equal
t0 Qerdeal-

To illustrate this process with an example we design the external coupling of a two-
pole filter with my; = 0.78, my; = 0.707 as shown in Fig. 3.13(a). Here we have selected
K> (w) to have the least frequency dispersion shown in Fig. 3.10 with the red curve. The
calculated Q4. and the best possible Q. are shown in Fig. 3.13(a). The designed Q.yew
approximates Q4. quite well with Z, = 78 Q, L; = 0.3 mm, and L, = 0.6 mm.

Furthermore, in Fig. 3.13(b) we demonstrate that the presented passive compensation
scheme can successfully modify Q. to realize tunable filters with constant FBW or con-
stant BW over an octave tuning range. This is achieved by appropriately selecting the

dimensions of the two cascaded coaxial lines.

3.4 Opverall Filter Design Flow

Fig. 3.16 graphically summarizes the overall filter design process discussed in detail in
the previous sections. By following these design steps we obtain the main filter design pa-
rameters, i.e. Q,, K, Q, over the entire tuning range. Consequently, a frequency dependent

N+2 coupling matrix m(w) can be constructed and the scattering filter parameters can be
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calculated using the method in [52]. Figure 3.14 graphically represents these for the de-

signed filter along with the ones obtained by HFSS simulations. The calculated response is

in very good agreement with the HFSS response further validating the presented approach.
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Fig. 3.14. Filter design, HFSS versus analytical coupling matrix theory.
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Fig. 3.15. Filter performance comparison: non-optimized versus optimized.
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3.5 Implementation and Measurements

A two-pole all-silicon filter prototype was fabricated at the Birck Nanotechnology Cen-
ter at Purdue University to experimentally validate the presented theory. The fabrication
process described in [53] was employed. Filter prototypes with both pure Au and Au-V
diaphragms were built. Figure 3.17(b)-(d) includes pictures of the fabricated MEMS di-
aphragm dies, filter cavity, and DC electrodes.

In addition to the individual fabrication steps, the final filter assembly is also conducted
in the cleanroom. Prior to this assembly, an RCA clean is performed to remove particle-
caused contamination. The critical assembly steps can be summarized as follows. First,
we perform the die-to-die bonding of the filter cavity with the top ceiling wafer with spe-
cial attention paid to the MEMS diaphgram-cavity post alignment. Second, the MEMS
diaphragm is dry-etch released (Xenon Difluoride). The post-release RF gap can be deter-
mined by a laser conformal microscope through the back side DC biasing via hole. It is
possible to finely adjust the initial RF gap by adding extra etching cycles to slightly change
the post-release bending of the diaphragm. These techniques allow us to achieve the desired
gap within about 0.2 pm. Third, we place the bonded MEMS die to the metal fixture shown
in Fig. 3.17(e). This metal fixture was manufactured by CNC machining. Two miniaturized
coaxial ports were inserted and soldered within the fixture body. The insertion depth of the
coaxial port is well controlled by the fixture recess depth. Slight adjustments to center the
coaxial pins were conducted under a microscope. The fourth and last step is to insert and
bond the DC actuation electrodes over the MEMS diagrams.

Fig. 3.17 depicts the employed characterization setup. The S-parameters were mea-
sured using an Agilent E836lA vector network analyzer through a pair of coaxial connec-
tors that are placed underneath the Au-metalized fixture. Each resonator is individually
controlled by a separate DC bias voltage applied through a DC probe connected to a Keith-
ley 2400 source-meter. Fig. 3.18 shows the measured filter performance for several bias
states. The center frequency of the filter can be tuned between 20 to 40 GHz for an applied

DC bias voltage between 0-180 V. This corresponds to an effective diaphragm deflection
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N ’ Coaxial Line Feed

(a) (d)

Filter Silicon Substrate External Matching Structure

Miniaturized Coaxial Port

Metal Fixture

(e)

Fig. 3.17. (a) RF characterization setup of the two-resonator all-silicon
BPF. (b) Front view of the manufactured die of the diaphragm. (c) Front
view of the manufactured die of the cavity. (d) Side view of the manu-
factured die of the DC biasing electrode. (e) Cross-section view of the
packaged device.
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S-parameters (dB)

— Simulated

gl — Measured
Al ILML!.!:.LIII. 11 [ ST AT LELL

21 26 31 36 41
Frequency (GHz)

w, (GHz) 19.7 | 21.9 | 241 | 276 30 333 | 36.2 | 396
Voltage (V) 0 20 30 50 70 95 125 | 175
BW (GHz) 037| 044 | 055 | 071 | 0.87 | 1.17 | 1.44 | 1.88
HFSS BW (GHz) | 0.34 0.73 1.45
IL (dB) 309|258 | 215 | 163 | 137 | 1.26 | 114 | 1.07
HFSS IL (dB) 2.32 0.89 0.47

Fig. 3.18. Measured filter S-parameters and tuning performance over its
20-40 GHz tuning range.

of 17 wm. This was determined by fitting the measured RF response to the electromagnetic
model. The measured insertion loss is less than 3 dB and the return loss is less than 15 dB.
The fractional bandwidth was measured between 1.9% to 4.7% which is a bit larger than
the calculated range (1.7% to 3.9%). This is attributed to the undercut of the wet etching
that enlarged the width of the coupling iris. Considering the measured insertion loss and

bandwidth we can estimate Q, throughout the tuning range between 264 to 540.
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3.6 Conclusions

This chapter reports on a detailed design technique for achieving optimal MEMS-
tunable evanescent-mode cavity-based bandpass filters (BPFs) with continuously variable
center frequency over an octave tuning range. The devised filters are manufactured using
silicon-micromachining techniques that enable their actualization for frequencies located
in the millimeter-wave (30-100 GHz) regime. For the first time we present an RF de-
sign methodology that takes into consideration all microfabrication-induced constrains—
e.g. non-vertical wall profiles and finite MEMS deflection—and allows for high unloaded
quality factor (Q,) and minimum bandwidth (BW) variation to be achieved over the de-
sired tuning range. A new fully passive input/output compensating structure integrated
within the filter’s package controls the filters external coupling and further enhances the
filters performance.

A two pole 20-40 GHz tunable EVA filter is designed, optimized and experimentally
demonstrated to validate the presented concepts. The fabricated filter incorporates electro-
statically tuned micro-corrugated diaphragm (MCD) with enhanced tuning stability by co-
sputtered Au-V material. Measurements demonstrated a tuning range between 20-40 GHz,
relative bandwidth of 1.9%-4.7%, and impedance matching over the entire tuning range
which is 22%, 1.9%, and 2X better than previously reported state-of-the-art MEMS tunable
filters of this type [13].

3.7 Related Publications

e Z. Yang, D. Psychogiou, and D. Peroulis, “Design and optimization of tunable
silicon-integrated evanescent-mode bandpass filters” IEEE Tran. Microw. Theory

Tech., vol. 66, no. 4, pp. 1790-1803, Jan. 2018.
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4. ADVANCED MEMS TUNER DESIGN AND IMPLEMENTATION

4.1 Introduction

For all-silicon MEMS tunable EVA technology, the diaphragm is operated without con-
tact, thus catastrophic failure requires severe negligence. However, non-ideal factors such
as creep and stress relaxation affect the long-term filter tuning robustness. Although em-
ploying micro-corrugations and creep-resistive co-sputtered Au-V thin films [53] are effec-
tive in mitigating some creep effects, full recovery has not been accomplished yet.

Demonstrated in [54], utilizing feedback loop controlled bias voltages to actively com-
pensate tuning error is a viable solution. The primary challenge for existing designs is due
to the uni-directional nature of electrostatic MEMS actuators. Such uni-directional tuner
can only be actuated away from its neutral position towards the DC electrode regardless
of the actuation voltage polarity. Shown as Fig. 4.1(a), consequently the uni-directional
mechanical stress leads to non-coverable creep that tends to slowly shift the tuners neutral
position away from the cavitys center post. Such drift is non-compensable and leads, over
time, to degradation of the tunability.

The ultimate solution for maintaining tunability is enabling bi-directional electrostatic
tuning. Literatures [55, 56] reported successful demonstrations of bi-directional electro-
statically actuated MEMS tuners on planar RF/microwave circuits. These designs require
an additional electrode to enable bi-directional motion. However, such design remains chal-
lenging for 3-D cavities applications, because introducing an additional electrode within the
resonator cavity complicates the MEMS structure and typically lead to significant degrada-

tion of RF performance.
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Fig. 4.1. (a) Uni-directional tuning, (b) Bi-directional tuning.

4.2 Design

Fig. 4.1 depicts the main idea of the proposed design. Similar to conventional uni-
directional designs, a post-loaded cavity is tuned by a flexible diaphragm that is suspended
above the cavity post. Displacements in the order of 5-30 wm typically yield octave K-band
tuning performance. Such a displacement is induced by biasing the flexible diaphragm
against a bias electrode above it. This electrode is outside the RF cavity and does not
interact with its resonant field.

However, unlike with uni-directional designs, the center post in the bi-directional design
cavity is DC biased against the tuning membrane. While this needed voltage is small

(typically 2-3 V), it is critical for implementing the needed corrective tuning, as explained



62

below. It is for this reason that the MEMS tuner needs to be isolated from the rest of the

cavity. As Section 4.2.1 shows, this is realized by the novel MOM sealing technique.

4.2.1 MOM-sealed Cavity Resonator Design

Fig. 4.2(b) depicts the proposed EVA resonator structure. Here, there is a MOM sealing
structure formed on the silicon die flat boundary area by a thin dielectric bonding layer with
a thickness of H,. This layer does not disturb the electromagnetic (EM) fields within the

cavity. At the fundamental mode, the electromagnetic wave propagates into the MOM seal

.;\a'&o‘ Metal

g Dielectric Layer

(b)

Fig. 4.2. (a) Conventional EVA resonator, (b) Proposed EVA resonator
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Fig. 4.3. Radial transmission line model.

in radial direction. Such a structure essentially becomes a radial transmission line whose
TEM mode is excited. According to [57], if the radial line is terminated with ideal open
R; = oo at the conductor outer edge shown in Fig. 4.3(a), the input impedance Z;, at the

inner radius R;, looking outward into the radial line is derived as (4.1):
Zin = —JZo(R;) cot(kR;, kR,) 4.1)

in which
60H,

R; /e

is the characteristic impedance at the inner-radius of the radial line. e, is the relative per-

Zo(Ri) =

4.2)

mittivity of the dielectric. cot (kR;, kR,) is the radial cotangent function:

 NoGkR)JL(kR,) = Jo(kR)N, (KR,)
COLRR:KRo) = 5 (KRN (kRy) — Ny (kR 1 (R, ) *43)

in which J,,(x) is the Bessel function of the first kind of order m and argument x and N,,(x)
is the Bessel function of the second kind of order m and argument x. Both conduction and

dielectric loss are accounted for by assuming a complex propagation constant k [57]:
k=p+ ja. (4.4)

[ is phase constant. When loss is small can be calculated as:

_ 2n+e
ol

B 4.5)

« 1s attenuation constant:

a = (Ry+\e)/120m + 'g tan (0) (4.6)
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in which R; and tan(6) are the conductor surface resistivity and dielectric loss tangent

respectively.
Lrad
3
I
Cpost_ | R )
L , § cavity
===k= cavity
; |
: JXin I
' I
|
| Rin |
[ F § ] -
Radial Line 1

Fig. 4.4. Equivalent circuit model of bi-directional tunable resonator.

According to Fig. 4.4, Z;, is in series with C,,, and in parallel with L.4,. As such,
the input reactance X;, shifts the resonance frequency and the input resistance R;, degrades
the quality factor significantly. Thus, the design goal is to minimize X;, and R;,, in order to
enable bi-directional tunability without compromising performance or complicating design
flow.

According to eqns. (4.1)—(4.6), X;, and R;, are functions of R;, L,.,qs, H;, tan(e), and

€. The resonator design fixes R; and the selection of dielectric material sets €, and tan(a).
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Fig. 4.5. (a) Input suseptance versus L,,; , (b) Frequency shift versus L, .
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H,; and L,,; remain as the two major design parameters. Practical values of H; for the
proposed technology range from a few to tens of um while L,,, is less restricted.

For illustration and comparison, this work presents a design example for enabling bi-
directional tunability on an all-silicon EVA tunable filter reported in [58] whose R; equals
2.4 mm and whose frequency tuning ranges from 20 to 40 GHz. The analysis is performed
at its highest tuned frequency (40 GHz) and then generalized by normalizing the design
parameters to wavelength. Fig. 4.5(a) correlates the resulted X;, with variations of H; and
L,,;. The model shows X;, can be either capacitive or inductive and is minimized when
L, 1s a quarter wavelength. The X;,-induced resonance frequency shift can be quantified

as:

S~

N P Crost
W, Cin

in which w), is the shifted resonance frequency after the radial line is introduced and w,

4.7)

is the intrinsic resonance frequency. Cj;, is an equivalent capacitance calculated as C;, =
—1/(wX;,), which is negative in the inductive region. For a typical EVA tunable resonator
design, C,, 1s far larger than C;,. As such, the frequency shift is negligible (less than a
few percent), as is shown in Fig. 4.5(b) for this example.

The insertion loss of the MOM sealing is due to conduction loss R;,. and dielectric loss
R4 which can be quantified by setting tan (6) and R, equal to 0, respectively. From Fig.
4.6(a), it should be noted that dielectric loss contributes less when H, is smaller than 10um.
This broadens the options of which dielectric bonding materials can be utilized based on

the application needs. The following equations quantify the impact to the quality factor

QuNew:

QuNew _ Rnew
QuO Rres

(4.8)

in which R,.,, = Riy || Ryes-

Fig. 4.6(b) summarizes the Q, impact for different H; and L,,,. It shows good agree-
ment between the analytical model and full wave simulation, though there is a maximum
discrepancy of 10-20%. This error results from the neglect of fringing effects, higher order

modes, and non-ideal open terminations in the model.



67

€4 = 3 tan(d)

2 =
Silicon Cavity Top — Loss Tangent = 0.006
H Iz = Loss Tangent = 0.003
1

[ d — Loss Tangent = 0.012

15F
Rimi 1
Rinc
0.5
U L 1 1 1 1 |
0 10 20 30 40 50 60
Hg (um)
. (a)
oo
b -o- -
oor & ! 8-
¢ **b-
DB-‘} Implemented Design -~
. (20 GHz < wy < 40 GHz)
_HO.T’ Ligg =04 mm Hy; =3 pm
Qu
0.6 — Hy = 3 pm (model)
€ H; = 3 pm (HFSS)
0.5 — Hgz = 10 pm (model)
© H; = 10 pm (HFSS) _
0.4 1 1 1 L 1 1 1 LY
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
L‘r‘ad ('1_1)
(b)

Fig. 4.6. (a) Resistive part of the input impedance, (b) ratio of the conduc-
tive loss and the dielectric loss.
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It should be noted that a thinner dielectric layer is preferred and that there exists an
optimal L,,, at about 0.14 (0.4 mm) for which Q, is maximized. This matches expectation
since L,,; needs to be large enough to support return current, but not so large as to create
excessive conduction loss from the resultant standing wave on the radial line.

Itis essential to see that there is only a 5% difference between an optimized bi-directional
tuned resonator implementation and the uni-directional tuned resonators for the filter re-

ported in [58]. The reason is that the resistive loss due to conventional bonding is compara-

Main Tuning Voltage Main Tuning Voltage

Dielectric Il.ayer

Corrective Tuning Voltage

e
Bias T Bias T
. :I_: ias
RF In RF Out
(a)

Anchor Center Of Symmetry

Fig. 4.7. (a) Conceptual draw of the filter, (b) Cross-section of the corrugated diaphragm.
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ble to the MOM seal. To this end, it is demonstrated that implementing such bi-directional

tuning does not negatively impact RF performance.

4.2.2 Bi-directional MEMS Tuner Design

Fig. 4.7 shows the conceptual drawing of the MEMS tuner design. In the main tuning
mode, since the top electrode radius is comparable to R; and far larger than gpco, it is
reasonable to approximate the loading on the diaphragm as uniformly distributed pressure

P,,. According to [59], the induced MCD center deflection Ag can be calculated as:

4t, ( Edtfi) E t; 3
P, =— |0 +A,—= |Ag +|B,— | Ag 4.9)
R’ 4R2 R}

in which Ey, v, t;, R; are Young’s modulus, Poisson ratio, diaphragm thickness, and di-
aphragm radius respectively. o, is the effective intrinsic stress:
Oy

L3 () ()

2R.f

Oeff = (4.10)

in which, o,, H., R.s represent, intrinsic stress of the metallic film, corrugation height, and
diaphragm center flat area radius. A, and B, in (4.9) are dimensionless coeflicient of the

linear and nonlinear tension terms respectively:

_2(g@+Dig+3)

A 4.11
SR o

1 1 3-v
=2 (7556 =) e

q is a profile factor whose squared value is the ratio of corrugation rigidity with respect to

bending in tangential and radial directions:

R, +2N.H. H.\
2 Rat2NH () o (He (4.13)
q %

in which N, is the corrugation number.
In correction actuation mode, since R, is much smaller than R;, the loading is a
concentric force F,. on the diaphragm center. In this case, (4.9) is modified to:

4Id ( Edlﬁv Edld 3
FC:(— Torr + A~ ) Ag 1 (B, 244 Ag 4, (4.14)
R 4R2 R}
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in which A, is the effective area:

_ (I+q) 2

e = mﬂ e (4.15)

As seen from the above analytical equations, a larger R; reduces bending rigidity for lower
actuation voltage as well as the stress for less creep. In this work, without losing generality,
an R, value of 0.9 mm is set as the largest allowed value restricted by the cavity design. A
thinner 7, is more cost-effective and preferable to mitigate the high tuning voltage. Never-
theless, the metallic diaphragm is part of the cavity top ceiling conductor and is required to
be thicker than the RF skin depth of the lowest tuned frequency. As such, the ¢, in this work
equals 1 um as a result of balancing the trade-offs above. Low o, is preferable, however it
remains a challenge to achieve with excellent uniformity over the wafer. In this work, with
careful stress control, the fabrication resulted in intrinsic tensile stress values ranging from
0 to 45 MPa

H,., which is less limited and can be accurately controlled during manufacturing, re-
mains the main design parameter. Fig. 4.8(a) demonstrates its significance. H, tailors
diaphragm rigidity and is directly proportional to actuation linearity. As such, the actuation
force required to actuate the diaphragm center by 15 um reduces 8x when H., is increased
from 0.1 to 3.5 um.

To further quantify the actuation performance, main tuning electro-static pressure P,, is

approximated by the parallel plates model:

V2
= — (4.16)
2(gpco — Ag)
while the corrective concentric force can be calculated as:
(nR2, )& V?
: post 70 4.17)

© 2(grr0— Ag)
The solution of equating (4.9), (4.16) and (4.14), (4.17) describes the voltage-deflection
curves of main and corrective tuning respectively. Assuming gpco is 40 um, Fig. 4.9(b)
shows increasing the corrugation height from 0.1 um to 3.5 wm reduces the main actuation

voltage from nearly 600 V down to 120 V.
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Fig. 4.9. (a) Tuning range versus H., when gpco = 40 um (b) Pull-down
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tive tuning versus H..
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Fig. 4.8(c) shows the voltage-deflection tuning curve for corrective tuning. This as-
sumes ggpo 1s initially at the desired 1.2 pm then drifts to a higher position over time or
operation cycles. The corrective bending operates at the quasi-linear region of the force-
displacement curve. The maximum correctable creep-induced error is up to 33% of ggro,
which translates into a 22% drift of the initial unbiased frequency fy. Such a level of cor-
rection is sufficient for the typically measured frequency drift, which is less than 10%.

Fig. 4.9 sheds more light on the MCD design strategies. Increasing H_. suppresses
both the third order term and a portion of the linear term—o ;. Shallow corrugations (H.
less than 3.5 um here), significantly reduces the main tuning voltage while maintaining a
similar tuning range. Further, deeper H,. enhances bending linearity and suppresses tuning
voltage variation at the cost of tuning range reduction.

It is critical to see from Fig. 4.9(c) that corrugations are necessary for corrective tuning.
Otherwise, the result is a low yield design whose control voltage is sensitive to the intrinsic
stress. On the other hand, since ggr is typically more than 10x smaller than gpcg, a low
voltage is capable of making effective corrective tuning, fulfilling the prerequisite in the

sense that a thin layer of dielectric can hold such voltage without breakdown.

4.2.3 RF-MEMS Co-design Flow

The overall RF-MEMS co-design process is summarized in the following steps:

Step 1: Based on the required ggro, choose an H,; value that is as thin as possible but
thicker than ggro to offset non-ideal assembly effects. In this example, ggpo 1s 1.4 um, and
H, is selected to be 3 um.

Step 2: Perform the RF analysis and locate the optimized Lrad value for maintaining
highest possible Q,. Fig. 4.6(b) shows that the optimized Lrad equals 0.4 mm for this
example.

Step 3: Choose a gpco value such that the targeted maximum diaphragm deflection

8RFmax 18 around 45% gpco. For the targeted 18 um tuning in this work, gpco equals 40 um
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Step 4: Determine the limitation of bias voltages. In this case, V. must be less than 10
V to prevent thin dielectric break down, and the required control circuit variation for the
corrective pull-down voltage must be less than 1 V. The maximum main tuning voltage is
200 V.

Step 5: Based on the given t;, R;, and ggpo values, complete a MEMS analysis like the
one shown in Fig. 4.9. Here, fulfilling the prerequisite tuning ratio of 45% requires H, to
be less than 5 um. The maximum tolerable variation of the correction pull-down voltage
demands that H. must be deeper than 3 um. Both the main and corrective tuning voltages
are not the limiting factors in this case.

Step 6: Choose an optimal H, within the allowable range. In this case H, = 4 um
results in a minimal tuning voltage and H, = 3 pwm results in a maximized tuning range. In

this work, H, = 3.5 um is selected as a balanced option.

4.3 Fabrication and Assembly

Step 1 Silicon wet etching Step 4 Etch diaphragm release hole

Step 2 Deep RIE backside via hole  Step 5 SixNy/SiO2 deposition

Step 3 Metal sputtering Step 6 XeF2 etching

Fig. 4.10. Updated diaphragm fabrication flow enabling bi-directional tuning.
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Fig.4.10 summarizes the fabrication flow of the MEMS diaphragm die. Comparing to
the uni-directional tuner reported in Chapter II, enabling bi-directional tunability costs only
one additional mask (deposition and patterning of the silicon dioxide layer).

Fig. 4.12 shows the conceptual assembly process. The authors conducted all of the
fabrication and assembly process with university facilities. Fig. 4.13(a)-(e) summarizes
the fabrication results.

The first step uses a wafer or die to align the cavity posts with the centers of the di-
aphragm. Afterward, a thin layer of polymethyl methacrylate (PMMA) is dropped on the
boundary surface of the cavity dies, timely bringing the two pieces in contact with pres-
sure. The device is then heated to 120 °C for 60 seconds before being slowly cooled down
to room temperature to build solid bonding between the two silicon dies. The cured PMMA
layer acts as an adhesion agent as well as the MOM seal insulator. The contact pressure is
characterized so that the overall thickness of the dielectric layer is about 3 pwm.

In the second step, the diaphragm is released by placing the bonded dies into a xenon
di-fluoride silicon etching chamber, removing the sacrificial silicon layer and enabling a
quality assurance check of the RF gap ggro through the diaphragm backside via hole shown
in Fig. 4.13(c)

The third step, similar to the first step, is to bond the silicon die into the metal package.
Two coaxial port center pins penetrate the small diaphragm on the silicon top ceiling cover-
ing the via holes. The remaining broken small diaphragm seals the cavity, as shown in Fig
4.13(d), and proves to be a reliable DC connection. Furthermore, such a design provides
good mechanical isolation from external vibration and thermal expansion. The last step is
to bond the top electrodes with the same PMMA adhesion technique and then wire bond
them to the daughter board on the package.

Fig. 4.11(b) depicts a detailed cross-section view after assembly. Compared to the
current state-of-the-art uni-directional tuner fabrication flow reported in [13], the proposed
design costs only one additional mask (deposition and patterning of the silicon dioxide

layer). On the other hand, using PMMA adhesion bonding rather than Au-Au thermal
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Step 2: XeF2 Etching
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\

Step 3: Package Integration

Miniaturized coaxial port Metal Fixture
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Fig. 4.11. (a) Die and package assembly flow, (b) Cross-section view of
the die bonding junction.
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Step 1: Die bonding  Step 2: Die-package attachment  Step 3: Electrode attachment

. 4 2

Step 4: Daughter board Step 5: Wire-bonding
attachment

Fig. 4.12. Conceptual view of filter assembly flow.

compression bonding simplifies the die bonding process and is preferable since thermal

compression bonding is a relatively complicated process.

4.4 Measurements
4.4.1 MEMS Tuning Performance

Fig. 4.14(a) shows the test setup for measuring the MCD force-deflection curve. A
released diaphragm is placed on a PI 611 high precision Z stage (with a resolution of 0.1
um). On top of the diaphragm center, there is a needle coupled with a force sensor (with
a resolution of 1 uN). The Z stage gradually elevates the diaphragm and stops when the
needle tip bends the diaphragm downwards by 18 um. The software synchronously records
the force and position data while the stage decreases, releasing the bent diaphragm with a
step of 2 wm until zero force is observed. Fig. ??(a) shows the measured data is in good
agreement with the theoretical deflection predicted by (4.11). Comparing to the pure gold

MCD reported in [13], the MCD becomes stiffer due to introducing vanadium elements.
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Fig. 4.14. (a) MEMS diaphragm bending characterization flow, (b) Mea-
sured diaphragm bending behavior: flat versus corrugated.

4.4.2 Filter RF Performance

An Agilent E8361A vector network analyzer measures the filters S-parameters. The
measurements show the main frequency tuning range is 21.3-39.6 GHz and the correc-
tive tuning range is 21.3-18.9 GHz. By fitting the HFSS simulation results, the extracted
experimentally-achieved effective diaphragm deflections are 16.5 um (main tuning) and 0.4
um (corrective tuning). Fig. 4.15(b)(c) depicts the extracted frequency-displacement curve
for the main tuning as well as for the corrective tuning, and both show good agreement
with the analytical model.

As shown in Fig. 4.16, over the frequency tuning range, the measured filter bandwidth

varies from 0.31-1.81 GHz and the measured insertion loss is 3.14—0.78 dB over the full
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Fig. 4.15. (a) Measured main tuning performances, (b) Measured correc-
tive tuning performances.

tuning range. As a proof of Fig. 4.16(b), the extracted MOM-sealed resonator quality
factor is 265 to 510, which is comparable to the conventionally sealed resonator having the

same cavity designs (Fig. 4.16(c)).
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4.4.3 Tuning Stability Measurements

Using the same S-parameter measurement setup, frequency tuning stability experimen-
tal characterizations were performed. The setup records only one resonance extracted by
the reflection coefficient, while placing the second filter resonance more than 10 GHz away
from the resonance under test. Starting from the initial frequency (20 GHz), where the
membrane is relaxed, a Keithley 2100 source meter supplies a bias voltage to drive the res-
onance to a designated frequency (32 GHz for this measurement). After 100 seconds, the
bias voltage is set to 0 V, and the resonance frequency is recorded over time. The measured
results show that there is a hysteresis effect that creates a time delay for the resonance to
return to its original, unbiased frequency. Without reverse bias correction, it takes about
100 seconds to recover the RF gap from 1.5 um to 1.4 um. With corrective tuning, this

hysteresis effect can be corrected by less than 2.5 V.

4.5 Conclusions

This paper presents a bi-directional tunable all-silicon MEMS EVA cavity filter and
significantly extends this idea by introducing, for the first time, two key enabling technolo-
gies: a) a new metal-oxide-metal (MOM) sealed cavity that maintains high quality without
requiring complicated metal bonding; and b) a new electrostatic bi-directional MEMS tuner
that implements the needed frequency tuning without lowering the resonator quality factor.
Furthermore, we explore important design and fabrication trade-offs regarding sensitivity
to non-ideal effects (residual stress, fabrication imperfections). As a result, an optimal
all-silicon manufacturing process is presented for the first time. The measured RF per-
formance of a typical filter in the 20-40 GHz range is shown and is directly compared to
the conventional uni-directional cavity-MEMS filters. Although both filters demonstrate
the same measured RF performance and quality factor (approximately 250-500 for both of
them), the new bi-directional design readily corrects the residual post-bias displacement of

0.1 um by applying less than 2.5 V. Note that this displacement would otherwise lead to a
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Fig. 4.17. Measured non-ideal filter tuning effect due to diaphragm visco-elasticity.

frequency drift of over 1 GHz. For the uni-directional case, it takes over 100 seconds to

recover this error.

4.6 Related Publications

e Z.Yang, R. Zhang, and D. Peroulis, “Design and optimization of bi-directional tun-

able all-silicon evanescent-mode cavity filter” IEEE Tran. Microw. Theory Tech.,

under review.
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5. SUMMARY

The objective of this dissertation is to advance the state-of-art filter technology for next-
generation front-ends. The evanescent-mode cavity resonator tunable filter has already
demonstrated state-of-art performance in the C to L bands. MEMS tuned all-silicon EVA
resonator proved that this concept is capable of being implemented at higher frequency
bands, which are strong candidates for 5G communication standards.

Demonstration of high-performance EVA cavity filters is challenging due to the design
and fabrication challenges from both the RF and MEMS aspects. Filter frequency tuning
range and tuning stability are limited by MEMS tuner structural (stress, temperature) and
material (creep, fatigue) stability. Filter RF performance such as Q,, inter-resonator and
external coupling, require careful design and optimization to accomplish low loss, small
BW variation and impedance matching over wide tuning frequency range. Filter biasing
voltage and package design are also critical for system-level compatibility.

In this dissertation, the author demonstrated the first K band high Q, tunable filter with
near octave tuning. The micro-corrugated diaphragm is incorporated to reduce bias volt-
age while increased MEMS diaphragm’s tuning stability. Co-sputtered Au-V diaphragm,
replaced pure gold, with engineered recipe further enhanced the tuning stability by 7x.

Analytical models and design techniques of the resonator, inter-resonator coupling and
external-coupling are developed to optimize the filter performance under MEMS, and sili-
con micro-machining constraints. An optimized two-pole filer design is fabricated and the
measurements demonstrated tuning range of 20-40GHz, relative bandwidth 1.9%-4.7%,
and full tuning range impedance matching.

Lastly, the filter technology is further advanced by employing a bi-directional tuner.
Such bi-directional tunability enables effective voltage compensation over the full tuning
range. Such design does not introduce significant fabrication complexity. Furthermore,

no RF performance degradation is observed by the proposed RF optimization method. A
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detailed RF-MEMS co-design, and optimization flow of the implemented MEMS micro-
corrugated diaphragm that maximizes the tunability under certain RF, biasing, and fabrica-
tion limitations are discussed. A proof-of-concept, two-pole filter is fabricated and demon-
strates a measured bi-directional tuning range from 18.9 to 39.6 GHz, in which the forward
(main) actuation tunes from 21.3 to 39.6 GHz with 120 V and the reverse (corrective) actu-
ation tunes from 21.3 down to 18.9 GHz with 2 V. The measured filter insertion loss varies
from 3.14 to 0.78 dB and its instantaneous bandwidth from 0.31 to 1.81 GHz. The unloaded
quality factor is extracted as 265-510 which is comparable to the state-of-the-art filter of
this type employing conventional uni-directional tuners. Frequency hysteresis effect of the

device is characterized, and such non-ideal effect is correctable with less than 2.5V.

5.1 Comparison with State-Of-The-Art Results

The MEMS enabled all-silicon EVA tunable filter design of this work builds upon the
all-silicon concept that was first presented in [34] and was further advanced into a tun-
able filter in [13]. However due to the proposed filter design methodology, this work ex-
hibits 22% wider tuning range, 1.9% lesser bandwidth variation and 2x wider impedance
matching as well as acceptable matching over the entire tuning range. Furthermore, the
frequency stability of this work is significantly improved by employing creep-resistive Au-
V diaphragm that exhibits 7x slower frequency drift rate than pure Au diaphragms [13].
A more complete comparison with alternative 3D tunable bandpass filters is summarized
in Table 5.1. As can be seen, the filter presented in this work exhibits the highest tun-
ability (100%) which is significantly higher than filters based on conventional cavities
(e.g. [10,60-62]) whose tunability is less than 5%. Such tunability also outperforms other
EVA tunable filers, such as for example, the ones in [26], [62]. This is because the inte-
grated MEMS tuner is capable of providing capacitance variation of over 10-to-1.

Moreover, the presented filter offers the most compact cavity volume. This conclusion
is based on calculating the wavelength-normalized resonator volume at the lowest achiev-

able frequency.
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ResonatorVolume
(AL

where A, is the wavelength at the lower edge of the band (20 GHz in our case).

(5.1)

Volumeg =

We can also observe that the filter in this work outperforms all filters listed in the table
especially for the non-EVA cavity implementations [10], [9], [60-62]. In addition, [60] is
demonstrated by manual—potentially motorized—tuning. In addition, the tuning of [61,
62] involves air-pressure actuation and step-motor system respectively. These actuation
solutions typically occupy larger volumes making the overall filter size much larger than
the filter architecture in this work. Lastly, the filter of this work demonstrates the highest
FOM among all other filter technologies. Note that the FoM of the tunable filter is defined

as in [63] and is summarized as

FoM = Ju—Ju (5.2)

NBWBW,IL,IL,

where fy, fi are the highest and lowest achieved filter center frequencies, BWy, BW;, ILy,

IL; are bandwidths and insertion losses at the highest and lowest tuned frequencies.
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5.2 List of Original Accomplishments Described in This Dissertation

1. First demonstrated K-Ka band MEMS tunable all silicon cavity filter with high Q,
(550-750) and wide frequency range 23-35GHz.

2. Firstimplemented micro-corrugated diaphragm into the EVA cavity filter and demon-

strated 80% of bias voltage reduction.

3. Show characterized EVA cavity filter cycling performance of more than 1 billion

cycles without failure.
4. Enhanced filter tuning stability (7X) by using a co-sputtered Au-V diaphragm.

5. Developed new analytical models and design guidelines of the all-silicon resonator

to optimize Q, with tuner design constraints.

6. First developed analytical models and design guideline of all-passive inter-resonator

coupling structure to achieve lowest frequency dispersion.

7. Proposed a full passive external feeding structure which is integrated into the filter

package to tailor the input/output coupling strength.

8. Demonstrated an EVA cavity tunable filter with largest frequency range 20 to 40 GHz
with least fractional bandwidth variation ranging from 1.9% to 4.7% and impedance

matching over the whole tuning range.

9. First enabled bi-directional electro-statical tuning an EVA cavity tunable filter with-

out RF performance degradation nor MEMS structural complications.
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5.3 Future Work

The first challenge that can be explored in the future is further reducing the form fac-
tor. The tunable EVA filter technology demonstrated in this work comes with a metallic
package housing coaxial connectors. To further reduce its form factor, a planar RF in-
put/output feeding structure is preferable to allow direct flip-chip bonding of filter die on
the PCB board. Nevertheless, novel impedance machine structures are required. Impedance
matching over an octave tuning range is typically very challenging for planar feeding struc-
tures. On the other hand, antenna size has similar frequency dependency as a filter. High-
efficiency antenna demands a significant amount of area. Integration front end elements
such as patch antennas on the same filter die will make volume even better utilized and
more cost-effective.

The second aspect that can be explored is the mechanical structure of the corrugated
diaphragm. Due to the limitation of fabrication technology, in this work, the corrugations
only exist on one side of the diaphragm center plane. Such structural asymmetry bends the
diaphragm under intrinsic stress exists. Such a problem can be fully addressed if employing
symmetrically corrugated diaphragm. Diaphragm of this type will remain flat as long as
the stress is tensile. Such design may be realized by using two types of photo-resist as
sacrificial layers.

The third direction worth studying is the filter design automation by machine learning
algorithms. There are a few tens of independent design parameters involved in this design
work. Despite the developed design flows typically requires many iterations to reach the
optimal design for given specifications. It is feasible to automatically generate and simulate
a great number of test samples with variations of design parameters then using a machine
learning algorithm to do the training. Once the model is converged, the whole design and
optimization can be fully automated to significantly reduce the design lead time.

The last interesting point to experiment is enabling open-loop filter tuning control
scheme by the machine learning algorithm. Despite the fact that bi-directional tuning pro-

vides full range tuning correction capability, sensing of the RF gap with high-resolution
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during filter operation remains a challenge. Employing open-loop control is the ultimate
goal to make such technology cost effective. Machine learning is a promising technology
worth to experiment with on this application. During the training process, the actual di-
aphragm position can be correlated to the biasing voltage. If the training set is sufficiently

large, the trained model can eventually predict the bias voltage for a given target frequency.
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