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PREYACE

This thesis presents with the development and characterization of a novel packaging
stracture that is realized for high frequency circuit applications using silicon
micromachining techniques. This self-packaged topology resulis from the merger of two
technologies, silicon micromachining and high frequency circuit design techniques used
in microwave and millimeter wave applications. Extensions of the technology have been
used to explore its potential to improve the performance of microstrip antennas, such as
the rectangular patch, in order to provide an alternative means for reducing surface wave
excitation in high index materials. The design, fabrication and testing precedures are
discussed herein, and measured results are shown for representative planar circuits and

antenna elements typically used in high frequency applications.
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CHAPTER I

INTRODUCTION

1.1 PACKAGING IN HIGH FREQUENCY APPLICATIONS

Since the 1950°s, packaging has played an increasing important role in the advance-
ment and direction of circuit designs in the 6lecﬁonics industry. Packaging for low fre-
quency (LF) circuit applications have advanced significantly to accommodate high
volume cost effective circuits used in commercial applications below 1 GHz. On the other
hand, packaging for high frequency (HF) applications has experienced limited growth due
to high performance, low volume design requirements. Electrical performance improve-
ments are significantly impacted by the present limitations in HF package development.
Processing technologies used to make LF circuits and design/analysis (D/A) techniques
used in HF circuits can be combined to realize novel packaging concepts for planar mono-
lithic and microwave integrated circuits (MICs and MMICs). At high frequencies,
research on optimum device and component performance were given the highest priority.
This resulted in the development of sophisticated D/A tools and an extensive circuit
design library. In the last few years, packaging effects are now identified as one of the
most important parameters affecting substantial performance improvements in many HF
circuits.

Several packaging approaches have been implemented thus far in high freguency
applications. Multi-function circuits and arrays use STRATEDGE ™ [1] and WAFFLE-

LINE {3] for example to accommodate MIC and MMIC designs. Quartz hermetic pack-
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ages have been successtully developed for multi-chip-modules (MCM) at millimeter wave
frequencies [2]. Commeon io each of the aforementioned approaches is the incorporation of
packages at the last phase of product development. Since package integration does affect
circuit performance, several design iterations are usually implemented before design
requirements are satisfied. Monolithic packaging is a novel approach that provides inte-
gration at the circuit design level which offers several advantages. First, the packaging
parameters extend the number of design variables to enhance design flexibility. Second,
circutt evaluation is inclusive since the package has been integrated simultaneously in the
fabrication procedure.

Silicon micromachining techniques can be used toward the development of monolithic
packages. To date several micromachined circuits which consist of antenna elemenis,
TMy; waveguide structures. and planar designs have been implemented using this tech-
nigue. Rutledge et. al [5] introduced a pyramidal horn antenna with a planar dipole inte-
grated monolithically onto a thin membrane' dielectric in the millimeter-wave region.
Soon thereafter, one waveguide structure was developed using similar techniques [10] for
W-band applications. Since that time, high performance planar transmission lines such as
the microshieid have been investigated [6] using membrane supported technology.

The planar circuits can be improved significantly by reducing loss mechanisms com-
mon to many planar topologies: (a) dielectric and (b} radiation loss. Complete elimination
of dielectric losses is achieved through substrate removal that produces planar lines sup-
ported on membranes. Demonstrations have been shown for components that include fil-
ters to power dividers for {frequencies between tens of gigahertz (X-Band) to hundreds of
gigahertz (above W-Band). In fact, an extensive collection of planar lowpass to bandpass
filters exist based on tuning stubs {6], couples lines [7-8]. and lumped elements{®]. An

alternative that reduces the loss mechanisms associated with the diclectric can be achieved

1. Membrane is a tri-dislectric layer consisting of silicon dioxide/ silicon nitride/ silicon
dioxide having thicknesses of 7500A/3500A/4500A,

..........................




by coniroliing the excitation of substrate modes in the form of surface waves and higher
order modes.

Both radiation and dielectric loss are addressed in the development of self-packages
that incorporate a monolithic shielding package around planar circuit elements using
micromachining techniques. Typical to many planar circuits are the excitation of substrate
modes, parasitic radiation and package resonances. Together, each of these mechanisms
can severely degrade the electrical performance of planar circuits. As the fr'equency of
operation increases to millimeter waves and above, the use of conventional pianar trans-
mission lines is diminished since the losses are very high in comparison to the signal
strength propagating though the circuit. In order to benefit from existing circuit designs to
develop high frequency systems, novel solutions are required to minimize the aforemen-
tioned unwanted properties that are inherit to conventional planar designs.

To reduce substrate modes effects, the formation of the lower cavity regions isolates
the dielectric medium propagating the undesired mode from the continuity in the subsirate
Once metallized this shielding can reduce or eliminate unwanted electromagnetic effects
that oftentime decreases the amount of useful power available in the circuit. This dimen-
s10n can be chosen such that any resonance occurs outside of the desired frequency range
of operation. Since this type of excitation is detrimental for both planar circuit and anten-
nas elements, use of silicon micromachining technology can open an entirely new arena in
high frequency design with an unlimited number of potential applications. To address
radiation issues, individual shielding to circuits can offer improved circuit performance by
isolating the circuit from neighboring circuits and by reducing interference of random
electronic signals.

In addition to decreasing radiation. this approach addresses a number of problems
associated with high frequency package design. There are a number of problems that arise
from poorly designed electronic packages at high frequencies. One of them, mentioned

above, is caused from parasitics in planar transmission lines while the other is associated
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with the package layout and configuration. Planar circuits are lightweight, low cost, and
conformal and many are easily integrable with active elements. Unwanted parasitics, how-
ever, are the cause of many problems in circuit performance and occcur whenever disconti-
nuities arise in a circuit design to cause radiation. Package lavout and the configuration
issues on the other hand influence proximity (or near neighbor) coupling and package res-
onances that also contribute to performance degradation. Resolution to these problems can
be addressed in a variety of ways, either through improved circuit designs or though pack-
aging. The investigation of this novel packaging concept is the subject of the work pre-

sented herein.

1.2 OVERVIEW

In this werk, a novel approach is proposed that considers the package as an additional
parameter to the circuit design and allows monolithic integration with the circuit. This
approach presents for first time a monolithic package that has been extensively character-
ized for microwave and millimeter wave applications. With the use of advanced process-
ing techniques that have been traditionally associated with sensor technology and high
frequency circuit design techniques, this packaging concept can be realized and applied to
a number of basic circuits that are commonly used in many high frequency applications.

This dissertation is organized into two main sections, the development/characteriza-
tion and evaluation of the micromachined self-package and circuits. The packaged config-
uration is described by its cross-sectional geometry and categorized as partial or
compietely shielded. Next, extensions of this two dimensional topology can be in a
straight (linear) or bending (non-linear) direction which is referred to as “in-line™ or “con-
formal™ packaging. The conformal package can also be used with multiple input paths to a
circuit. Three techniques are required to completely develop and characterize the struc-

ture: fabrication, measurement and theoretical.
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Chapter 2 presents the fabrication techniques required to develop this structure and
various phases of the seif-packaged circuit topology are discussed with the merits and
problems associated with each design. In Chapter 3, the measurement and theoretical tech-
niques utilized to characterize the package and circuit are discussed with a summary of the
factors contributing to measurement error. Next, demonstrations of the concept is applied
for various packaging configurations.

The results presented in Chapter 4 indicate the performance of stubs and filters indeed
show improved performance over conventional open structures of similar design due to
the reduction of parasitic radiation. Basic designs such as a detector circuit and double
right angle bend have also been evaluated to show the flexibility of using micromachining
as a conformal package. While many issues of planar circuit performance are significantly
mmpacted by the excrtation of substrate modes, this packaging approach has been extended
to include planar radiating elements such as the microstrip patch. In Chapter 5, the micro-
machining approach i¢ applied to an antenna probiem where the effective dielectric con-
stant 1s reduced underneath the antenna while maintaining the feeding networks on high
index substrates for design compaciness. Chapter 6 concludes this work with a summary

and suggestions for future work in this area.




CHAPTER II

DEVELOPMENT OF MICROMACHINED PACKAGES

2.1 INTRODUCTION

For millimeter and sub-millimeter wave applications, system development is required
with transmission and radiating elements as well as sources and respective circuitry in
order to communicate with existing hardware. Waveguide and aperture based systems
have been successfully implemented at these frequencies since these structures only
require scaling of dimensions and rely on existing manufacturing technologies. An alter-
native approach for an aperture-based system that was observed in the late eighties were a
monolithic integrated horn array [5] and a monolithic waveguide structure [10]. At that
time, one of the main limiting factors in the realization of high frequency systems was the
availability of adequate planar transmission line geometries. Since loss mechanisms found
in traditional planar circuits in the form of radiation and parasitic coupling causc extreme
performance degradation at higher frequencies, a need existed for exploration and devel-
opment of novel circuit geometries that overcome these mechanisms. This motivated a
farge scale investigation into alternative methods that offer improved characteristics. One
approach focuses on the use of silicon micromachining techniques to provide an alterna-
tive method for the development of such geometries and is the topic of this work.

In many circuit and array applications, design flexibility is extremely important there-
fore novel transmission line geometries that offer generic shapes and an increase design

parameters are desirable in order to develop circuits with optimum performance. Many
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limitations observed in specific circuit designs can be attributed to the inherit behavior of a
planar line along with those effects caused by the surrounding environment. Existing pla-
nar lines, such as microsirip and stripline, have well known electromagnetic behavior. As a
resuit, extensive geometry libraries are currently available for circuit realization. In recent
vears, however, monolithic integration of active and passive elements motivated interest
in the use of coplanar waveguide lines since these provide more flexibility in accommo-
dating design requirements. While each of the above lines provides certain advantages to
high frequency applications, all of these suffer from losses associated with the dielectric
and conductor, which ultimately limits their use for frequencies at and above the millime-
ter wave region. In addition, exiernal factors associated with proximity coupling to neigh-
boring circuits and electronic package resonances can also result in detrimental effects on
electrical performance.

Circuits that geometrically and physically resemble coplanar transmission line tech-
nology and have cavity shielding on one side of the circuit were first proposed by Katehi
and Dib [10-12] in 1991. In a comparison to the conventional coplanar waveguide (CPW)
in an open medium, these geometries, which can exist with or without the substrate under-
neath the conducting line (Figure 2.1a). offer the advantage of lower radiation, thereby
providing an alternative topology with improved performance. Of the two proposed solu-
tions, one performs optimally as a result of the removal of material underneath the con-
ducting line. This eliminates dielectric loss such that a membrane-supported line
propagates a purely TEM mode and offers a non-dispersive behavior up to the terahertz
frequency range [13]. The other sclution is a topology that results in improved perfor-
mance by providing shielding around the transmission line to form a micrecavity (Figure
2.2). This reduces the radiation effects caused by parasitic coupling and substrate mode
excitation while providing additional design parameters that can used to enhance circuit

design flexibility.
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Figure 2.1 Novel Geometries for Microwave and Millimeter-wave Technology. (a) Dielectric
membrane supported transmission line, called the microshield. The metal conducters are supported
by the membrane and a lower shielding cavity is below the conducting line. (b} Dielectric shielded line
has conductors supported by the substrate while a shielding cavity is mounted above the conducting
line.

Upper Cavity
(air-filled)

Lower Cavity  Metallic Conductors
(substrate-filled)

Figure 2.2 Self-Packaged Circuit Topology, Constructed out of twe silicon substrate wafers, The
upper wafer has an air-filled cavity that is mounted over the metailic conductors. The bottom wafer
has a silicon-filled cavity is defined by the sidewalls of the v-grooves below the cuter conductors.
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In planar circuit designs, this micromachining technology has provided a flexible
approach to the development of very low loss transmission lines [13] as well as micro-
packages that provide self-packaging to individual planar circuit components. Investiga-
tion of the latter novel structure, the micropackage, is the primary focus of this dissertation
which 1s intended to address the requirements of low-cost lightweight circuits in applica-
tions such as communication systems. In this study of an alternative packaging approach,
the following topics are of interest in order to evaluate its potential to high freguency
design. The primary issues include:

* characterization of micromachined topologies on CPW based circuits,

* demonstration of the shielding effects on simple high frequency planar
elements,

* realization of a package that conforms to the shape and path of the elec-
trical signal line, and

* integration capability with designs that include active elements integrated
either hybridly or monolithically.

Before addressing the above topics, however, this chapter will present the evolution of
the “self-packaged” circuit shown in Figure 2.2 and will discuss the critical factors associ-
ated with the development and fabrication of micropackaged topologies using silicon

micromachining.

2.2 MOTIVATION AND OBJECTIVES

In the past, machine milling technology has been the primary method for developing
metallic structures such as waveguides and test fixtures. To date, the smallest standard
rectangular waveguide produced is WR -3 while custom desi gns can be as small as WR-1

[13]. While this represents one approach for the development of small cavities that can be

I. Rectangular waveguide is denoted WR by the Electronic Industry Association (EIA)
and represents the inside width of the rectangular waveguide dimension in english uniis of mils.




10

used to shield individual circuit components, there are fundamental limitations to this
method regarding product development. As applications reguire size and space reduction,
these metallic structures can add considerably to the overall weight and volume. The fabri-
cation of specific circuit designs using this approach may be limited to low-volume appli-
cations, however it requires the cavity and planar circuit to be manufactured then tested
separately, followed by additional re-evaluation. This method is extremely time intensive
and costly in the fabrication and testing of prototype designs. An alternative approach wili
be presented in this chapter that addresses the need to develop low-cost lightweight cir-
cuits that exhibit improved performance over conventional planar circuits. This explora-
tion focuses on the use of silicon micromachining to implement multiple package
topologies that address the requirements of high frequency planar circuit designs.

While several factors motivated the investigation of high frequency packaging tech-
niques, planar designs for use in millimeter and submillimeter applications will be tremen-
dously impacted by the outcome. The investigation depends on identifying and addressing
fabrication issues as well as circuit performance characterization which must be consid-
ered during the initial planning phases of this study. Moreover, accurate evaluation of cir-
cuit performance is best obtained using high performance circuits and testing methods. In
order to achieve such accuracy, a state of the art on-wafer probing measurement system
for high frequency characterization will be employed. The various calibration technigues
available will be discussed in Chapter 3, however, it is important tc introduce the subject
of the measurement tool at this time since it has an essential role in the geometrical evolu-
tion of the packaged topologies discussed herein.

High frequency planar circuit characterization results from a combination of good
design techniques and accurate measurement techniques. Since many calibration methods
rely on the use of several circuit elements which vary in line lengths, a flexible measure-
ment apparatus must be employed. While commercially available test fixtures can be used,

the flexibility tc measure novel complex three-dimensional structures such as planar cir-
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cuits with shielded environments becomes more challenging. Custom-made fixtures may
be designed to measure the specific circuit topologies of interest, however this may require
additional time for test fixture development and evaluation. This may ultimately impact
overall cost depending on the number of design modifications required to meet the circuit
requirements. If separate fixtures are needed to accommodate each circuit, for example,
many coaxial conneciors may be required which can introduce measurement inaccuracies
due to unreliable connector repeatability and increased cost.

One simple soluticn that is both cost effective and very accurate is to use measurement
techniques such as on-wafer probing [14] which allow for testing of many circuits on a
single wafer. This probing technique is the most accurate method for evaluating large
numbers of planar circuits and can accommodate a variety of planar line geometries that
have operating frequencies from dc to W-band [15]. Finally, testing time requirements are
reduced significantly since the measurements can be made manually or automatically in
industrial testing facilities.

Alternative methods for development of potentially inexpensive packaging schemes
for high frequency circuits are discussed using fabrication technigues that are standard
monolithic and microwave integrated circuits (MICs and MMICs) processing. The fol-
lowing sections highlight the evolution of the “self-packaged” circuit shown in Figure 2.2
starting with the first version of the upper shielded cavity, which is 1 monolithic version of
the machine-milled cavity mount, used to provide an initial understanding of the shielding
effects on planar circuits [16]. This micromachined version addresses the monolithic inte-
gration of a multiple cavity wafer that is mounted over several circuits. Since the upper
shielded circuits exhibit reduced radiation, additional minimization of other unwanted
electromagnetic effects, mainly those observed in circuits measured on ground planes, is
needed. This reduction of substrate mode excitation occurs with the development of lower
shielded circuits that provides isolation between neighboring circuits residing in the same

substrate material. Integration of both uvpper and lower shielded circuits result in the for-
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mation of the first “self-packaged” circuit. The discussions will include specifications for
cach package design and measurement condition reguirements, as well as, detailed discus-
sions of the fabrication processes employed to reslize the specific three-dimensional
geometry. Lastly, current self-packaged configurations [17-18} will be discussed and
extensions for the development of simple conformal packages arc highlighted. Realization
of simple basic planar circuit components that are based on these fabrication procedures
are described in the following section and measured data wil be presented in Chapter 4 on

electrical performance.

2.3 GENERAL FABRICATION METHODOLOGY

The micromachined packaged circuits are comprised of a two-silicon (Si) wafer sys-
tem having a <100> orientation and rely primarily on silicon micromachining processes.
Ir: sensor applications, this process is well-established and is frequently utilized in MEM
structure development, however, these processes are relatively new to high frequency cir-
cuit design. Therefore, a discussion of the fabrication procedures required for the develop-
ment of micromachined packaged circuits as it pertains to the planar circuit realization and
specific cavity formation will be given.

While a variety of transmission line configurations can be used, the circuits in this
work are based on coplanar waveguide (CPW) lines since these offer the advantage of
having the signal and ground lines on the same plane. The shielding of the circuit is
attained by miniature cavities that have been developed monolithically to reside in either
or both upper and lower surrcunding regions. In general the cavity geometry may consist
of air or any dielectric material, however the standard convention used in this work will
have air-filled upper cavities located above the planar geometry and substrate filled ones
below. Typically high frequency circuits are developed on materials that provide reason-
ably low loss, therefore the following planar circuits are printed on high resistivity n-type

silicon, €, = 11.7, with resistivity values in the range of 2000-3000 ochm-cm which is ade-




quate to achieve minimal loss effects in the substrate [19]. Since the upper cavity provides
grounding to the circuit described, the value of resistivity is less important and are in the
range of 6-10 ochm-cm.

While most of the discussions that follow involve the fabrication procedures
employed, the factors associated with the testing apparatus will be commented on next
since this ultimately influences the circuit design. There are three primary factors, illus-
trated in Figure 2.3, that influence the accuracy and physical measurement of these circuits
in a probe station environment. The first deals with construction of the planar geometry
with the shielding cavity while the second and third address excitation of the circuit on the
probe station set-up. Configurations having an upper and/or lower cavity region must pro-
vide ground plane equalization between the shield and the CPW circuit. As a resuit the
mcorporation of mechanisms for the alignment of several wafers is required. In order to
measure the circuits, however, access 1o the shielded region is necessary and achieved by
incorporating windows that allow entry of the high frequency probe to the circuit input
line. Lastly, transitions between the open and shielded region, which will be discussed in
more detail in Chagﬁter 3, are needed for appropriate excitation of the shielded geometry.

The remaining sub-sections concentrate on the evolution of the various packaging
configurations and are organized into three main parts: (1) half shielded, (2) seif, and (3)
conformal packaging. The development of half-shield circuits with upper or lower cavities
has produced fundamental knowledge for package devefopment. Packages (2) and (3) are
based on a4 combinations of upper and lower cavity sections and are modified to accommo-
date the appropriate design requirements while providing the basic foundation for exten-

sions 1o a variety of complex circuit designs that may be used in high frequency designs.

2.3.1 Air-Filled Upper Shielded Circuits

There were many fundamental concerns regarding fabrication and construction of

shielded circuits initially; therefore a review of some of the issues pertaining to substrate
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Figure 2.3 The probe window needed to measure a circuit on-wafer,

material selection and appropriate fabrication technique identification is given. Although
high frequency devices and MMICs are usually realized on GaAs substrates, the vision of
this work is to provide packaging alternatives for dense complex circuit layouts that pro-
duce improved electrical characteristics using reliable fabrication techniques. Therefore
compatibility to existing MMIC processes and cost effective solutions are important goals.
Silicon substrates have become an essential part of the microelectronics industry and a
wealth of knowledge is available that can be used in the development of novel solutions to
packaging high frequency circuits. Sensor applications, which rely heavily on silicon

micromachining, make extensive use of advanced etching techniques. With the availabil-
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ity of high resistivity substrates at reasonably low cost, Si invariably is the first choice in
which these novel packaging schemes will be explored. In addition, plarar circuit designs
and high power devices, currently being developed with Si-germanium technology, show
promise in high frequency circuits applications. Silicon substrates are used here, even
though these topologies can be developed in other materials such as GaAs so long as
appropriate modifications are used to realize the appropriate cavity geometry and similar
electrical behavior.

Two main issues that were considered carefuily are the etchant type and selectivity
between wet and dry etches and its respective isotropic or anisotropic behavior. Repeat-
ability and consistent process control are typically achieved using dry etchants, however,
high selectivity between metal and dielectric masks is difficuit {20]. On the other hand,
certain wet anisotropic etchants used in micromachining are quite successful since selec-
tivity ratios between specific crystal plane orientations depend on the anisotropic etch cho-
sen. From research, etch rates have been determined for bulk silicon that are reliable for
micromachining using well-controlied bath conditions for potassium hydroxide (KOH)
and Ethlylenediamine pyrocatechol (EDP) wet etchants. With appropriate masking diclec-
trics, such as siticon diexide and silicon nitride combinations, cavity configurations can be

formed which have an etch profile of 54.75° with respect to <100> plane.

2.3.1.a Version One: Basic Cavity

The primary objective in the developruent of the first generation of air-filled shielding
cavities is to produce a micromachined version of a machined-milled cavity. A planar cir-
cuit shielded by a machine milled cavity has produced a desired circuit response for copla-
nar based lines and has shown reduced losses for discontinuities after careful
determination of the planar line geometry and cavity dimensions [16]. Since many circuits
can be realized on a single substrate sampie, batch processing technigues are employed to

produce & variety of circuits that have consistent physical similarities. The circuit layout
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consists of at least three calibration standards and a variety of circuit elements which
occupy at most one-guarter of a three inch section wafer in the approach used in this meth-
odology. The cavities are included in the layout to correspond tc the varicus circuits and
have been oriented to form vertical column alignment. Each colurn contains cavities that
have been separated with similar spacing to the circuits on which they are to be aligned.
Since the cavity lengths vary in some cases, one edge has been held constant for each cav-
ity while the other edge accounts for the length variation (Figure 2.3). The cavity depths in
this design are approximately 200 microns and are determined so that they provide appro-
priate shielding to each circuit while maintaining a2 50 ohm impedance for the coplanar
line. If the cavity shield is placed in close proximity to the transmission line, disturbances
to the electric field distribution in the slots of the coplanar waveguide will occur, causing
undesired line characteristics.

To facilitate the placement of the cavities over the lines, alignment of the cavities to
the circuit wafer is achieved by including rectangular window openings. Each window is
aligned to the metallic marks on the circuit surface and as shown in Figure 2.4 in the final
version of the cavities shown mounted over the various planar circuits. To produce the
design, & two-step etch procedure is employed and requires a layout that requires the
inclusion of alignment windows, scribing marks, and cavity regions as shown in Figure
2.5. The following section will focus more on the general procedures used to fabricate the

cavity structure.

I. A three dielectric layer consisting of silicon dioxide/silicon nitride/sili-
con dioxide (Si04/Si3N4/Si0,) has thicknesses of 4500 A /3500 A /
7500 A and cach layer functions as a mask. Using standard optical
lithography processing techniques to paitern the wafer, the two outer
dielectrics are removed from all regions to be etched using buffered
hydrofluoric acid (BHF) for the oxide (SiO») layers and CF4+05 in the

plasma etcher for the nitride (SisNy) layer.
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Figure 2.4 Photograph of the circuit with the single-strip cavity over the circuits.

2. After repatterning to protect the lower oxide in the cavity area, the sam-
ple is placed into the KOH bath solution where the alignment windows
are etched approximately half way through the wafer.

2

3. The sample is then removed from the bath and the silicon surface in the
cavity region is exposed using BHF etchant and returned to the KOH
etch to remove the desired cavity depth of 200 microns. For the KOH
recipe used in this process, the eich rate was approximately 29.6
microns/hour, which required approximately i3 hours to etch com-

pletely through a 390 micron wafer in this process.
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K Cavity Regions
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Figure 2.5 This represents the upper cavity wafer for the single strip cavity approach shown in
Figure 2.4. The Crossed areas represent the region where the cavity is formed. The Hatched are is
where the etch ruiers are incorporated. Finally the dark regions are where the cavity strip it detached
from the larger wafer area using chemical scribing.
4. Since the scribe lines are completely etched through, each vertical col-

umn section will be separated. The cavity structure is then cleaned and

metallized with evaporated Cr/Al/Cr/Au to achieve a thickness of 1.5

microns.

This procedure proved to be the best method even though many other approaches were
investigated. Initially a 1.2 micron oxide layer was used as a mask, however, this thickness
is insufficient to accommodate the extremely long etch times. The thickness issue is com-
pounded by the post-KOH oxide etch, which removes additional dielectric from the other
masked areas leaving an inadequate amount of oxide for remainder of the cavity etch time.
To overcome this problem, several other approaches were implemented to provide an

additional masking layer as protection during the removal of the material in the cavity

region. Alternatives masking layers based on metal systems such as chrome-gold (Cr/Au)
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and chrome-aluminum (Cr/Al) were tested, however these also produced poor results. The
main reason 1 due to adhesion probiems associated at the metal/oxide interface since thin
metal layers of approximately 2000A are thermally evaporated on to the surface. These
adhesion problems were not noticeable during the first etching step, however after the sec-
ond oxide etch small pockets of solution were observed on the surface of the wafer in the
metal areas after the samples where submersed inte the KOH bath. These problems are
related 1o thermal 1ssues as a result of long etch iimes in temperatures ranging from 55° to
60° C. Problems in adhesion can resuit from metallic pinholes which become noticeable
after the oxide etchant since the bare silicon surface is exposed and subjected to the KOH.
Other adhesion metals such as titanium were investigated, however similar results were
also observed which motivated modification of the process and selection of a different
masking material.

The tri-layer dielectric materials mentioned above. sometimes referred to as a mem-
brane, allow for successtul development of the cavity structure in the KOH solution. The
nitride layer in particular is very resistent to many acidic solutions therefore it provides
additional protection tw the wafer surface during the removal of the lower oxide layer in
the cavity regions. This resulted in good masking capabilities, and the preblem of metal
adheston is now eliminated since it is no longer required as an additional mask. There is,
however, another problem that arose regarding the use of membrane which impacts the
successful reliability of the above process. Membranes have been successfully etched in
KOH solutions at the University of Michigan by Ling [21] and Ali-Ahmad {23}, however
a varnish is applied to the front side of the dielectric to serve as a protective layer for the
upper surface since backside wafer processing is required to make free-standing mem-
branes. In this case a protective layer is not compatible with the desired design require-
ments and cannot be used. The nitride tensile stress can be counter balanced by adding
even though oxides layers unless low-stress nitrides are used. In long continuous etching

cycles, this problem seldom occurs since a photoresist mask protects the entire wafer dur-
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mg the dielectric removal. Even though these cracks may be present, the outer oxide layer
is protected by the resist during the dielectric removal, On the other hand, when this pro-
cedure requires an additional oxide etch after the Si material has been partially removed
by the KOH etchant, any imbalance of stress in the dielectric layer will produce mem-
branes in compression or with low grade stress cracks that become more pronounced as in
the process described above. These cracks allow for severe surface damage from the KOH
across the entire surface of the wafer. Therefore, since a testing procedure and calibration
on the appropriate membrane tensile stress compositions was not available, other etchant
solutions were investigated.

To summarize the above discussion, the first generation of upper cavities are realized
using tri-layer dielectric combinations as masking layers in a KOH chemical solution. The
procedure works in general even though there are some issues regarding membrane tensile
stress which can be alleviated with the appropriate choice of dielectric layer thicknesses.
Tensile stress tests are described in the appendix of Ling’s thesis [21] and can aid in the

determination of the appropriate thickness needed for a given wafer size.

2.3.1.b Version Two: Cavity with Access Windows

In this phase, the issue of aligning multiple cavities with more reliability is addressed
along with minimizing the sensitivity of the dielectric masks in the etching solution. The
shielding cavity structure in the first version was developed where single strips are used to
represent cavities having similar or varying lengths. This arrangement validated the real-
ization of the micromachined structures, however it has limited alignment repeatability
since the cavities are not mounted simuitaneously. To alleviate this probiem, large win-
dows have been incorporated that attach the various cavity colurmns in order to align all of
the cavities to the circuit wafer. The requirements for the windows are to provide probe

entry access to each circuit while concurrently providing a mechanism for alignment of all
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Figure 2.6 Completely shielded micropackaged circuit with lower and upper wafer alignment,

cavities in the same relative position of each circuit. Any misalignment at this point can be
accounted for in the calibration which improves the accuracy of the characterization.
Initially, KOH solution was investigated, however, due to the long etch time require-
ments and problems discussed above in the first version, EDP anisotropic etch is used the
remainder of this work. Probe and alignment windows are incorporated and etched
entirely through the wafer while the cavities are etched partialiy. The use of EDP in this
case has reduced the etch time to about 5 hours for a 390 micron thick wafer and the issue
of tensile stress has been eliminated. The following description highlights the fabrication

procedures implemented:

1. The first two dielectric layers, silicon dioxide and silicon nitride, are

rernoved from all areas to be etched as before.
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2. The wafer is then repatterned to protect the cavity region and the lower

oxide layer is removed in the probe and alignment windows.

L

Since the desired cavity depth is approximately 200 microns, all win-
dows are etched to =150 microns before the last layer of the oxide is

removed from the cavity region.

4. The oxide is then removed using buffered hydrofivoric acid (BHF) and
the sample is returned to the EDP solution to remove the additional 200
microns of silicon in the remaining areas and the cavity region.

Although the abeve procedures represent the general form of the process, some con-
cerns did arise regarding the realization of the geometry. While attempting to achieve the
desired cavity formation, severe lateral etching was observed in the cavity region as a
result of the rapid etch. This is a problem since the etch depth and cavity upper wall
depend on the etch used in the fabrication procedure. Many alternatives were investigated
to reduce this effect of lateral etching at the entrance of the cavity. The first objective is to
determine the difference between the EDP and the KOH used previously. Since all of the
probe windows are etched entirely, removing large cross-sectional areas produces uneven
etching across the surface due to the selectivity of the etch ratio between «<111> and <100>
plane. In a large rectangular area, the centers of the surface are not removed at the same
rate as the sidewall and result in the inverted bowl profile shown in Figure 2.7. In order to
completely remove this material from the center region, etching continues along the cavity
edge which causes lateral etching in the cavity upper roof. This results in a narrow horse-
shoe shaped openings in the upper surface of the cavity entrance regions compared to the
straight edge obtained in the KOH etch. To minimize this effect, a channel is etched along
the perimeter of the desired rectangular window completely through. Once the channels
are etched entirely, the center sections separate apart from the remaining wafer which

reduces the edge exposure of the cavities and results in less sever overetching.
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Figure 2.7 Etching profile of the probe window area and the cavity region.

While the cavity formation and accurate reproduction of the desired dimensions is fun-
damentally important, wafer strength is equaily important since these cavity wafers are
handled during cleaning, metallization and mounting steps. Single side processing
resolved the alignment protlems for the multiple column circuit layout, however wafer
strength is sericusly compromised by the probe windows which emphasizes the inherit
weaknesses of the cavity regions. Approximately 150 microns remain in this region. the
bulk of the wafer handing on the perimeter of the wafer cause forces to propagate directly
to the cavity regions which result in breakage, usvally within the cavity columns. This is
especially true when the cavity lengths vary in the particular column. These problems
have motivated the use of support bars within the probe windows to provide additional
support te the wafer. It effectively shortens the cantilever length created by the column

such that forces caused by lifting and handling the wafer are minimized in the cavity
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regions. Improvements of wafer strength and handling are the primary goals of the next

version and are achieved with support bars and double-sided etching.

2.3.1.c Version Three: Cavity with Access Windows based on a Double Side Etch

The final version of the upper shielded structure represents the basic foundation for
future designs and provides the most reliable process technology for developing these
shielding configurations in EDP etch solution. A combination of design practices and fab-
rications techniques are established to address the development issues associated with the
upper cavity and these can be adjusted to meet the requirements of any etching technique.
The main component is the use of double-sided etching techniques in regions that must be
etched entirely while providing additional protection to accommodate the single-side
etched sections. This offers the advantage of using a single layer dielectric of oxide which
reduces processing time. Ideally, the probe window should allow probe entry to a single
circuit, however, the probe window must be sized to meet the physical constraints of the
measurement probe. For the majority of this work, a triangular shaped probe head by Cas-
cade Microtech WPH-150-K is used with very large windows that enable multiple circuit
access in a probe window strengthened by a mechanical support bar. Air-coaxial CPW
probes are available which allow for single window access to each circuit since the probes
are smaller. This eliminate the need for the support bars.

The following is & description of the development of this upper watfer topology which
contains both upper cavities and alignment marks that are formed by etching from both
sides of the wafer. Since these cavities provide ground plane equalization and shielding
without interfering with the signal path, it is not necessary to use high resistivity Si. The
upper shielding in this work is developed using 500 micron thick low resistivity Si with

7500A of thermally grown oxide on both sides (See Figure 2.8).
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Figure 2.8 Upper Wafer Development. A. Probe windows and alignment marks (A-1) are etched from
both sides while the upper cavity (A-2) is etched from one side only. B. The upper cavity is then
metallized. C. The upper wafer sectional view after processing with the alignment marks (C-1), upper
cavity (C-2) and the probe window (C-3).

1. After defining the probe windew and alignment marks using photoli-

thography, a metal lift-off procedure is employed to open the areas to

be etched and to provide an additional masking layer of Ti/Au metal on
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the backside of the wafer. This layer serves two purposes: it offers pro-
tection: on the back of the cavity regions and it acts as a mask during

backside IR alignment,

2. On the lower side, the cavities are defined and the oxide is removed 1o
expose the silicon surface. The patterns are then etched in EDP to a
desired depth that is monitored using “etch rulers”, which consist of

rectangular widths corresponding to specific etch depths.

3. Since this wafer must be handled frequently after etching the multiple
cavities and windows, additional mechanical strength can be provided
by including a “structural beam”, located in the middle of the probe
window.
In this scheme, a metal mask is required for the infrared alignment procedure. Since
the oxide etch is performed prior to etching and the metal surface is protected and doesn’t

exhibit pinholes during the EDP procedures.

2.3.2 Self-Packaged Circuits

The self-packaged circuits results from a combination of the upper half shielded cavi-
ties described in Section 2.3.1 and a lower shielded substrate filled cavity described here.
Since the upper cavity has been investigated thoroughly, the requirement for self-pack-
aged circuits depends on the development of the lower shieiding cavity which is empha-
sized in this section and discussed below.

The lower wafer scheme shown in Figure 2.9 is fabricated on a high resistivity, single-
side polished, 350 micron thick silicon substrate having a dielectric mask of silicon diox-
ide that has been thermally grown to 1.2 micron thickness or a membrane tri-layer dielec-

tric. The fabrication of these circuits is described below:
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dielectric mask
= oxide layer

A. Print circuit

Lower substrate-filled
— cavity

C. Remove oxide and metallize lower grooves

Figare 2.9 Lower Wafer Development. A, Transmission lines are printed on the top surface. B. Lower

cavity is formed by etching v-grooves. C. Lower cavity grooves are metatiized below the line forming
direct contact to the upper ground planes.

}. Since this wafer contains the planar circuits and lower cavity region of
the circuit, dielectric is removed on the upper surface. This will allow

ground plane on the upper surface to be in contact with the outer shield

after the lower cavity is formed.

b

The planar circuits are then defined using standard photolithographic
techniques and electroplated to the desired metal thickness after evapo-

rating a seed layer of titanium/gold/titanium {Ti/Al/T1).
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3. Once the circuits and alignment marks have been printed, the lower side
of the wafer is patierned photolithographically and regions needed to
form the lower cavity are defined using an infrared (IR) alignment pro-

cedure.

4. Prior to anisotropically etching the silicon, the dielectric is removed on
the backside of the wafer in the areas that define the cavity sidewalls.
Using the EDP etchant, the cavity formation has pyramidal sidewalls
{25] as seen in Figure 2.9B, where the lower cavity is the substrate-
filled one shown with its widest dimension at the upper surface and nar-
rowest dimension at the bottom of the cavity (Figure 2.9 ¢), simulating

an inverted pyramid.

5. The lower cavity shielding formation is complete after a seed layer of
Ti/Au 1s evaporated and electroplated on the backside of the wafer or
after a TVAYTi/Au system is employed for a thickness of = 2 microns.

Afier fabrication of both wafers, the upper cavity wafer is aligned to the planar circuits
that are printed on the lower substrate-filled cavity. The two wafers are then bonded
together to finalize the formation of the micropackage Figure 2.6. The bonding is either
photoresist which is a temporary bonding solution or silver epoxy which is a permanent
one. Although the above procedures presents the development of a completely shiclded or
self-packaged configuration, partially shielded structures can also be obtained by imple-

menting procedures presented in either the upper or lower wafer development scheme.

2.3.3 Conformally Packaged Circuits

Although planar high frequency circuits may be in the form of straight, curved, or
right angle shapes, many times layout constraints require modifications of specific element
placement within the design to accommodate the space limitations. This results in undes-

ired electrical performance due to the proximity coupling between neighboring lines and



resonances that arise due to large package layouts. In order to meet designs requirements
and minimize the layout effects, the concept of “in-line” packaging can be extended to that
of conformal packaging which can follew the direction and path of specific circuit compo-
nents. This section will highlight briefly the implementation of such concepts for cross-tee
junction and right-angle bend configurations. Comments are made regarding fabrication
issues pertinent to the realization of such topologies. In one case, a packaging structure is
developed that shields a planar circuit with active elements while the other will illustrates
the development of a cavity package that has right angle bends. The two designs are part
of the foundation for establishing basic building blocks for a packaging library that may
be instituted in a design based on micromachining techniques.

The conformal packages in this work are the foundation for the types of circuits and
geometries that may be implemented in a variety of high frequency components and sys-
tems. The self-packaged circuits described earlier focus on the development of straight
longitudinal packages where the cross-sectional effects of a package having an air-filled
cavity in one region and a substrate-filled one in the other were the primary concern. Con-
formal packaging techniques additionally must address package designs that foliow the
path of the line around corners to provide overall shielding of a specific geometry. The
fabrication process steps are very consistent with those described before, and will not be
expounded upon in this section although specific issues regarding the development of the
conformal package will be highlighted briefly.

The conformal package development starts with investigation of two basic geometries,
the cross-tee and the right angle bend which consist of the two types of corners that must
be addressed when using anisotropic etchant, concave inward and concave outward. Con-
cave inward corners will naturally maintain their shape since the side wall intersect along
the <111> plane that serves as an etch stop. Concave outward corners are etched since the
crystal planes are not well defined at a corner edge. As a result, compensation techniques

are required to address these problems and require modifications to the shapes at the cor-




ners so that the etch rate is comparable to those needed to achieve the desired cavity depth
[22-231.

For the cross-tee, the exactness of concave outward corners has less importance since
it is located under the ground plane of the planar line. However, minimization of the pack-
age resonances that could arise from a wide upper shielding cavity is critical. In this case
(Figure 2.10), squares with a typical length of 200 microns are centered at the corners of
the bend. After etching, corner rounding does cccur that is not as severe as the corner
without compensation. For the double right angle bends, a 400 micron sguare was incor-
porated in a similar manner and results in good shape replication of the corners for etch
depths of 350 microns.

Overall, conformal packages for cross-tee junctions and right angle bends have been
demonstrated. Since these represent entry level atternpts to develop conformal packages,
design rules are still needed in order to be determine the appropriate parameters required
to achieve a specific shapes at the corners in a particular design. This entails investigating
the effects of various geometries and also the types of etchants that should be used for suc-
cessful replication of a desired shape. In this work, however the most important issue has
been addressed which is to provide a demonstration of the use of self-packaging as a basis

for conformal shielding of a given circuit geometry.

2.4 SUMMARY AND FUTURE WORK

This chapter has highlighted the development of micromachined packaged circuits
that provide partial-shielding either above or below the planar circuit. Completely
shielded circuits that form self-packaged planar components and conformal packages can
be used to develop cross junctions and right angle bends. These techniques have resuited
in a novel packaging technology that provides solutions to many high frequency problems.
The fabrication processes presented utilize wet chemical anisotropic etchants such as

KOH and EDP, though they are not limited to these. The methodology described in this
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Concave Qutward

Figure 2.10 Cross-Tee Fabrication Layout for Conformal Package Development. The top View shows
the effect of etching the upper cavity with compensation. The etched depth is 350 microns and the
corners are slightly curved. Bottom View shows the lower wafer where the white slofs represent the
section that is opened on top for the dc contact and the dashed line is the section that is etched
underneath. The curvature in both of the view result from the concave outward corners.
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chapter represents one phase in the development of packages around planar circuits. Sub-
sequent chapters will illustrate the other phases that lead to complete characterization of
these topologies.

Some of the issues that are of immediate concern are the development of design rules
that provide (1) more precise etch depth determination, (2) compensation design rules to
produce a variety of geometries, (3) determination and completion of recipes for etching a
variety of substrates (such as silicon and gallium arsenide) which include etch profile and

surface roughness information.



CHAPTER 11

THEORETICAL AND EXPERIMENTAL
CHARACTERIZATION TECHNIQUES

3.1 INTRODUCTION

High frequency circuit characterization requires theoretical modelling and experimen-
tal testing in order to evaluate circuit performance. At low frequencies, analytic solutions
based on static models are suitable to describe the electrical behavior of lumped element
circuits. However, as the frequency of operation increases to the lower microwave range,
lumped elements can no longer be used in circuit design since the dimensions are large
compared to the wavelength of operation which results in distributive effects. Such behav-
tor can be resolved by using planar circuits that are evaluated with quasi-static models.
Within the last 50 years, modelling techniques which accurately describe the physical phe-
nomena assoctated with high frequency planar waveguiding structures have expanded
from basic quasi-static to full-wave analysis techniques. The behavior of many planar cir-
cuits are initially described using quasi-static approximations in order to determine the
capacitance thereby leading to the characteristic impedance and propagation constant.
These models, however, do not take into consideration the hybrid nature of guided modes
associated with many quasi-TEM planar lines. Therefore, full-wave analysis techniques
are required to address the dispersive nature of these circuits especially at the higher fre-
quencies. Classification of these methods include spectral domain, method of lines, finite
element. integral equation, etc., which provide complete characterization of the planar

designs by accounting for the dispersion along with coupling and parasitic effects.
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Self-packaged circuits require characterization of a structure that is comprised of a
planar circuit and its shielding package. Several of the methods mentioned above can be
employed to determine the design parameters and to accurately evaluate the electrical per-
formance. It is important to note that successful evaluation of any novel circuit topology is
a function of the interdependent relations between the design, fabrication, analysis and
testing capability of the said structure. In this chapter, a summary is presented of the vari-
ous models utilized in the design and analysis of the micromachined circuit. In addition,
the measurement techniques used to evaluate the behavior of circuits are examined. in
some cases, as will be seer in the next chapter, there may be discrepancies between the
measured results and the modelled structure. Many of these differences can be attributed
to various aspects of the development procedure; however, the fabrication methodology
and the analysis techniques tend to have the most significant impact. While full-wave
techniqpes in and of themselves are accurate, correct implementation of these techniques
depends on the identification of the model assumptions and the establishment of its appro-
priateness to the particular design. Therefore, pre-knowledge of this information will
enhance the evaluation of the design problem.

This chapter will present the methodology that should be taken to effectively utilize
design and analysis tools that are available for circuit realization. A brief discussion of the
software t00ls employed and respective assumptions which may aid in the interpretation
of theoretical and measured results is given. The design tools are quasi-static models
based on conformal mapping and spectral domain technigues. The analysis tools are full-
wave techniques based on space domain integral equation (SDIE) method and finite dif-
ference time domain (FDTD) method. Lastly, discussions regarding the experimental set-
up and the respective calibration procedures considered to evaluate the circuit perfor-

mance will be described and discussed.
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3.2 CIRCUIT DESIGN AND ANALYSIS TOOLS

High frequency micromachined circuit development cccurs in two phases: (1) design
and analysis and (2) fabrication and measurement. This section will discuss the design and
analysis phase where the primary objective is to discuss the approach and tools used to
determine the parameters reguired to realize a particular circuit design and evaluate its
performance. The reader is referred to Chapter 2 for a detailed discussion of the fabrica-
tion issues and processes employed to develop these micromachined packaged circuits
and Chapter 4 for specific circuit performance evaluation.

Theoretically, while full-wave analysis techriques offer the most accurate model pre-
dictions, they are inappropriate for use as design tools due to their complexity and time
intensive computer requirements. As a resuit, initial circuit design is best achieved using
simpler guasi-static models that are based on transverse electric and magnetic field (TEM)
or gquasi-TEM approximations. Once an entry level circuit design is complete, the specific
geometry is realized in the appropriate topology which can then be analyzed using full-
wave analysis techniques for performance verification. Since these models require specifi-
cation of the exact geometry, highly accurate predications of the circuit response can be
obtained for the modelled circuit. Performance improvements can be gained through an
iterative approach to fine tune specific circuit dimensions to meet the given design require-
ments. After an optimum design has been determined, the circuit are fabricated and evalu-

ated.

3.2.1 Design Procedurse

A fiow chart illustration for circuit development is shown in Figure 3.1. The first goal
in the design of high frequency circuits is the determination of the physical gecmetry cor-
responding to specific electrical parameters. Typically, CAD tools, based on guasi-static or
semi-empirical formulations, are employed to achieve the desired circuit response in terms

of electrical parameters. While a wide variety of commercially available computer-aided
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Figure 3.1 Design Procedure for Micromachined Circuits
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design (CAD) software exists, the amount available for high-frequency design is relatively
nonexistent. However, there are a number of high frequency circuit simulation tools in the
market that indirectly aid in circuit design to produce satisfactory results. Due to the
nature of the methods involved, however, very long design cycles and extensive computa-
ticn times are typically required. Once the appropriate response is obtained, the circuit
geometry is determined and then an analysis is performed using full-wave techniques such
as the SDIE or FDTD method. During the detailed analysis phase, while the circuit
response is being evaluated, changes are made iteratively to the geometry dimensions to
improve the response. The final design of a circuit is then fabricated and the response is
measured using an appropriate experimental set-up.

Once both theoretical and experimental results are available, comparisons are made to
validate the circuit response. If the electrical response is within an acceptable performance
margin, the procedure is compiete. If the response is unacceptable, design objectives must
be reconsidered. In the case of high performance applications, discrepancies between the-
ory and experiment mainly arise from fabrication tolerances and approximations that may
be used to determine the model parameters for the code. If design errors must be mini-
mized, two options exist. The first involves modifying the steps in the fabrication proce-
dure 1o reduce the geometrical deviations between the theoretically modelled and the
measured circuit. In instances where prototype cost is a critical issue, the second option
involves modifying the circuit designs such that sensitivity to fabrication tolerances is

reduced while simultaneously preserving the desired electrical performance.

3.2.2 Theoretical Model Technigues

Several comments can be made regarding the theoretical techniques implemented in
the modelling of micromachined circuits. Before a design can be realized, geometrical
parameters must be determined. If the structure has a non-traditional topology, models

must be employed that are designed specifically for the structure or that approximate it

p e et = = e e e e e e e e e
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reasonably weli. In this case, electrical parameters such as the characteristic impedance
are determined by evaluating the dimensions using the quasi-static model shown in [26].
This model uses conformal mapping to produce results that compare well to quasi-TEM
point-matching methods with the advantage of reduced computational time. For disper-
sion characteristics such as the propagation and effective dielectric constants, a spectral
domain technique (SDIE) presented in [27] can be used. This development is required in
order to design appropriate feeding lines that are compatible with the measurement system
and specific calibration procedures.

Commercially available software can also provide these parameters: however at the
beginning of this work in the early 1990’s, most were valid for open structures and could
not easily accommodate the various shielding topologies discussed. Models that can
address these geometries were developed for specific applications and are difficult o
obtain. Programs such as PUFF (28] are based on ideal transmission line theory and are
geometry independent if the design is evaluated in terms of the electrical parameters only.
However, specialized full-wave programs are still required to evaluate a specific structure
if the propagating modes are not TEM or quasi-TEM in nature which is the case whenever
circuits exist in inhomogeneous environment. These static models become inadequate and
the use of full-wave techniques is required for circuit analysis. While many techniques are
available, the ones used here are based on SDIE and FDTD methods and are applied to the
three-dimensional geometries described previously in Chapter 2. FDTD offers the most
versatility in modelling near - exact shapes and dimensions of the realized planar lines and
cavities (see Figure 3.1). Given the complexity of these technigues. a brief discussion is

merited on the their implementation will be included.

3.2.2.a Space Dormain Integral Equarion Method

At the earlier stages of this work, the space domain integral equation technique (SDIE)

was employed with the method of moments for the analysis of coplanar waveguide topol-
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ogies with half-shielding using codes previously developed in [29]. In this boundary value

problem for the coplanar waveguide circuits, the region is divided into two simpler ones

(a)

impedance boundary wal]

{b) +M,

e

impetlance boundary wall

Figare 3.2 Half-Shielded geometry of Coplanar Waveguide Circuit and the Equivalent current
representation for modeling using Space Domain Integral Equation.

where an equivalent surface magnetic current M is introduced on the slot apertures. These
currents radiate into the full space region above and below the slot such that the boundary
conditions of the tangential electric field on the surface of the slots are satisfied. Since the
tangential component of the magnetic field is continuous on the surface of the aperture, an
integral equation can be formulated as

. »~l =h —=h 7 -

A [ Golrlr) + G (rie) |- Mg () ds’ = J_ (3.1)

/
h . . .

where Gy (rle') represents the Green's functions in the regions above and below the slots

and J, is the ideal current source feeding the circuit {31]. For the free-space Green’s func-
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tion, Sommerfeld integrals in the space domain are used in the open structure side while
double sumimations are used in the shielding cavity regions. Excitation of higher order
modes can be ignored since the cavity dimensions are very small in the frequency range of
interest. After the SDIE (Equation 3.1) is solved using the method of moments where the
unknown magnetic current is expanded in terms of rooftop basis functions, Galerkin’s
method is applied to reduce the above integral equaiion into 2 linear system of equations

in terms of an admittance matrix.

h
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Then, the electric field in the slots is obtained after matrix inversion for the equivalent
magnetic current distribution. At points away from the slot discontinuity, the fields in the

slots form standing waves which are used in the derivation of the scattering parameters. In
this model, the radiation loss is evaluated in terms of frequency and other parameters for
this hali-shielded structure.

While this method provides very accurate results, there are several limiting factors that
should be identified. First, the method provides single frequency data poinis per excita-
tion, and second the code is topology specific. As a result, any physical changes in the
geometry require redevelopment of the program. Computed data from this method wilf be
presented 1n Chapter 4 for the scaled model version of the micromachined half-shielded
circuit, referred to as the machine-milled half-shielded circuit and for the compietely
shielded circuit. Given the topology restriction of the SDIE method, a more fexible full-

wave technigue is needed to examine novel geometries not previously considered in [32].

3.2.2.bFinite Difference Time Domain Method

As mentioned in Section 3.2.2, the finite difference time domain technique offers flex-

ibility since an arbitrary geometry can be evaluated primariiy by appropriate discretiza-
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tion. In this method, Maxwell’s curl equations are first expressed in discretized space and
time domains and. then are used to simulate the propagation of the initial excitation using

a “leapfrog™ approach [30]. In order to characterize any planar discontinuity, the propaga-

7] Cavity Conductor
iy Planar Conductor

Figure 3.3 Tllustration of the discretization of a shielded circuit using finite difference time domain
method. The top view shows the side walls for the self-packaged circuit and the lower view shows
random discretizations of with in x, v, and z directions with the cube elements.

tion of a specific time-dependent function through the structure is simulated using the
FDTD technique. Although the time dependence of the excitation can be chosen arbi-
trarily: a Gaussian pulse is often used because it varies smoothly in time and has a Fourier
transform that is also a Gaussian function centered at zero frequency. After discretization

of time and space for the electric and magnetic field components, Maxwell’s equations
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being represented by FDTD equivalents are then used to update the spatial distributions of
these components at alternating half time steps [30]. The space steps (Ax. Ay, and Az} are
carefully chosen such that an integral numbers of them can approximate the various
dimensions of the structure. As a rule of thumb and to reduce the truncation and grid dis-
persion errors, the maximum step size is chosen to be fess than 1/20 of the smallest wave-
length, which corresponds to the highest frequency of interest represented in the pulse
within the computational domain. To insure numerical stability, the Courant stability crite-
rion is then used to select the appropriate time step.

This model assumes that the electric conductors are perfectly conducting with zero
thickness and are treated by setting the tangential electric field components to zero at all
time steps. For the electric field components lying on the dielectric-air interface, the aver-
age of the two permittivities is used in the FDTD equations. To terminate the FDTD dis-
cretized structure at the front and back planes, the super-absorbing first-order Mur
boundary condition {33-35] is utilized to simulate infinite lines. The interested reader may
refer to [30, 36 .37 38 for a detailed description of the FD'TD method.

Compared to other techniques, the FDTD method is relatively easy to implement for
basic and complicated geometries. The only requirements are simple arithmetic operations
in the solution process and it has the advantage of being flexible in both time and fre-
quency domain analyses. By applying a Fourier transform on the time response of the dis-
continuity, frequency characteristics can then be obtained and the response represents a
wide range of frequencies that include DC. This is important since it is based on one pulse
simulation as opposed to the single frequency domain output from full-wave techniques.
In addition, these have restriction on application at very low frequencies due to the long

feeding line requirement that is no longer an issue in the time-domain.
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3.3 HIGH FREQUENCY MEASUREMENT TECHNIQUES

This section will present the methodology utilized to characterize the micromachined
circuits presented in this work. Several approaches were investigated to evaluate the per-
formance of the scaled model version in a test fixture configuration and the microma-
chined version that has been characterized using on-wafer probing techniques. The test
set-up and required calibration technigues will be presented in the next section for the pla-
nar circuits shown in Chapter 4. In general this approach is used for all passive circuit
characterization measurements unless otherwise indicated. The primary objective of this
section is to give the reader an understanding of the testing environment employed in this
work and comment on the advantages and limitations posed in this measurement system

that may lead to error within the measurements.

3.3.1 Test Set-Up and Measurement Probes

Characterization of planar circuits was originally began via test fixtures using coaxial
feeds for microstrip based designs. This requires transiticns that have a minimum return
loss of 10 dB in order to effectively calibrate the connector cut of the measurement sys-
tem. One of the first coaxial connectors used in the measurement of planar lines is the
Eisenhart connector {45]. While there are number of connector types available today for
microstrip based designs, connectors for coplanar waveguide based designs are somewhat
limited. The low frequency microwave model used in this work uses 2 fixture that requires
a coaxial to coplanar waveguide transition. Flange mount tabs by Omni Spectra were
used, however, modifications were necessary since this is traditionally a microstrip con-
nector. Brass tabs were attached to the outer ground of the flange and offered the contact
point for the grounding from the system to the planar circuit upper ground plane. A
description is given in Chapter 4.2.2 for the modified connector with a illustration in Fig-
ure 4.2. This required modification limited the repeatability of the measurement since each

connector is no longer identical, there the calibration of the system was very difficult.
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Effective calibrations assume that the measurement system has 1dentical transitions, which
i not possible since each tab is modified separately. Therefore, ene source of error due to
the connector is associated with connector repeatability. Since this appreach, worked very
well for frequencies below 15 GHz. However, above 13 GHz parasitic effects and multi-
moding were more prevalent resulting in failure to calibrate effectively in the higher band.
Since this model, represents the predecessor of future high frequency measurements that
go up to 40 GHz, this approach was not feasible and stimulated the use of on-wafer prob-
ing measurements.

Accurate characterization of planar circuits can be achieved from dc to W-band {43-
447 using state of the art on-wafer probing techniques. In the past, probe stations were pri-
marily used for dc testing, however, in recent years they are also used for high frequency
testing as well. As the trend to develop higher frequency devices using MMIC processing
techniques increases, a more flexible approach is required to take advantage of coplanar
waveguide features for planar signal lines. Earlier high frequency probe designs were pri-
marily based coplanar waveguides geometries that are printed on alumina substrates and
mounted in the holder. Recently, a variety of designs are being that transition from air
coaxial to air coplanar waveguide excitation.

In the diagram shown in Figure 3.4, the measurement set-up of the circuit is based on
an HP Network Analyzer that is connected to an on-wafer probe station. The network ana-
lyzer operates up to 40 GHz and consists of a HP 83624A Synthesized Sweeper, HP
8516A S-parameter Test Set and HP 8510 processor while the on-wafer probing station is
an Alessi REL- 4300 with Cascade Microtech ground-signal-ground (GSG) probes. The
pitch, defined as the separation between the signal line and the ground plane of the copla-
nar GSG probes, of the probes used in this work are 150, 200, and 250 microns. Since the
probes are delicate, it is imperative that the cables connecting the probes (o the measure-
ment system. In Figure 3.5 , an iilustration of the two types of probes currently available

for high frequency design are shown. Note that the structure of each probe design has sig-
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Figure 3.4 Photograph of the Network Analyzer and Probe Station.
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Cascade Microtech
Coplanar Waveguide Probes

(a)
Theta
GGB Picoprobe
Air Coplanar Waveguide Probes
)

 Then

Figure 3.5 Cascade Microtech and GGB High Frequency Coplanar Waveguide On-Wafer Probes. ()
Model WPH-150-K with Theta of 11 degrees and probe widest width, w= 4 mm (b) Model 40A-GSG-
150~ with Theta of 3¢ degrees and probe widest width, w= 1.5 mm.

nificant influence on the type of probe window design used in the shielded structures and

must be decided prior to design and testing.

3.3.2 Calibration Methods

Evaluation of element performance occurs through the measurement of individual
devices or circuits which are then modelled using appropriate software analysis tools.

Unlike iow frequency lumped element designs whose evaluations depend on voitage and
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current measurements, planar circuits are typically evaluated in terms of scattering param-
eters. These parameters are transformed to an equivalent impedance matrix that varies
with frequency and describes the electrical behavior of an unknown device under test
(DUT). Circuit parameters are then extracted to develop an equivalent model that can be
used to incorperate a specific planar circuit into a system level design. Therefore, accurate
determination of the circuit response is important in order to develop accurate eguivalent
circuit medels of planar lines and discontinuities. These parameters are the basis of all cir-
cuit design such as fiiters, couplers, and mixers.

Accurate characterization needs to remove all excess losses caused by cables and con-
nectors that interface the DUT with the measurement system. Typically these losses are
quite large in comparison to the signal response of many circuits and require very accurate
calibration methods to extract the DUT response from the system response. This is a great
challenge for planar circuits characterization, since the calibration techniques are more
complex and less standard.

Several calibration techniques exist for automatic network analyzer (ANA) systems
and the approach is typically characterized as onpe or two tier de-embedding techniques.
‘The one tier method, primarily used in this work, allows the measurement reference plane
to be transferred from a known location at test set interface to a predetermined location.
The two tier method, decomposes the procedure into two preliminary calibrations and
shifts the reference plane from ANA test set interface to the cable connector and then to
the final desired location.

Resident on the network analyzer is calibration software for one-port and full two-port
circuits that require the use of known standards, such as a short, open, load (50 ohm) and
thru. This method, known as SOLT. is used for two- port devices and shifts the reference
plane to a known location at the end of the test cables. Since the test set-up contains vari-
ous connections between network analyzer and the DUT, any loss due to cables, connector

iransifions, or known discontinuities must be evaluated and extracted in order 1o accu-
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rately characterize the DUT. In essence, the SOLT method effectively compensates for the
cable and connector effects by mathematically determining calibration coefficients that
provide the appropriate phase shift and attenuation in the scattering parameters to a refer-
ence plane at the end of the connectors.

During planar circuit characterization the SOLT calibration can be applied to the coax-
ial system and the planar circuit as long as known standards are used. Circuits that are
non-coaxial are usnally mounted on a test fixture and require other methods to character-
ized the effects associated with this transition probe to circuit transition. A variety of
methods are available for probe tip calibration and several are employed here for the on-
wafer testing of the micromachined circuits. For reference planes at the probe tips the
methods includes an equivalent (SOLT) approach, line-reflect-match {LRM), line-reflect-
line (LRL) and thru-reflect-line (TRL) [46-471. The first twe are very exact for evaluating
the probe parameters since they are based on known standards and the load or match is
usually a trimmed using laser techniques to a 50 ohm thin film resistor. The latter two
techniques are useful for measuring circuits that have unknown standard characteristics
and establishes a norralized reference impedance based on this unknown value. The
SOLT and the TRL standards will be incorporated in these circuit designs for the charac-
terization of the micromachined circuits.

The TRL calibration requires three lines that represent a thru, reflect. and line. All have
exactly the same basic physical geometry which includes upper and/or lower shielding
that is 1dentical to those in the DUT circuit. A two tier de-embedding technigue is used for
the coaxial fed machine-milled circuits while a one tier de-embedding technique is used
for most of the on-wafer measurements of the micromachined circuits. In the shielded cir-
cuit case, the reference plane is typically established inside the shielded section of trans-
migsion line so that the edge effects of the shield have been calibrated out

Characterization of all transitions between the test set interface and the DUT have been
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accounted for and extracted such that the measurement response represents the specific

line or discontinuity (Figure 3.6).

Thru Line 4(s+2w)

Open Line

Delay Line

Figure 3.6 Thru-Refiect-Line calibration standards for coplanar waveguide based circuit designs.

The data presented in the next chapter are for micromachined circuits that are partially
or completely shielded. Characterization of this packaging concept occurred in two parts;
first, the upper shielded circuits are evaluated where the cavities are mounted on coplanar
waveguide based (CPW) circuits and the entire structure is then placed on a durcid sub-
strate with &, = 2.2 and thickness of 3.175 mm. The duroid substrate provides isolation

between the probe station chuck and test circuit which prevents parallel plate waveguide
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mode formation under ground planes of the CPW and the wafer chuck. Next, since SDIE
analysis tools are available for predefined circuit geometries, several variations are imple-~
mented to evaluate the performance of the micromachined circuit and the microwave
modelled one. The second part of this investigation deals with the characterization of com-
pletely shielded circuits and again various circuit geometries are investigated. Since the
circuits under test are isolated from the cutside environment with type of shielding, they
are placed directly onto the probe station wafer chuck in the measurement set-up. The
FDTD method is employed in the analysis since this provides more flexibility in evaluat-
ing the cross-section of the structure and the specific planar circuit design.

The TRL calibration technique that is provided by the HP ANA has been applied to the
micromachined circuit topologies. In instances where the line a particular circuit is being
evaluated with the feedlines included, the SOLT calibration has been used on the alumina
calibrat@on substrate that is used with the specific probes. The particular probes requires a
specific calibration substrate which can typically be obtained from the manufacturer. This
substrate and probe combination are equivalent to the calibration kit of very accurate well
known standards used for coaxial systems. Without this substrate, each geometry will
reguire TRL or equivalent calibration standards to be included on each substrate and the
performance of the circuits will rely heavily on having appropriately designed calibration
circuits. From experience, this is an easy step to include when the circuits are simple as in
the ones included above, however, if there are several transitions and unique geometries to
be considered, designing calibration standards can be as difficult as designing a suitable
test fixture. In addition, without a good set of calibration standards, the accuracy of the
DUT measurement is questionable.

The accuracy of high frequency measurements has been extensively researched in the
past few years since the ANA became available in the mid seventies. The accuracy of pla-
nar circuit evaluation for passive and active elements is critical since circuit design models

depend on the ability to evaluate the device independent of the testing environment. The
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primary organization that has focused specifically on enhanced methods of calibration are
at the National Institute of Standards Technology (NIST) by researchers Marks and Wil-
liams [48-52]. This published software is available for public use and is considered one of
the most accurate software tools available for evaluating high performance planar trans-
mission lines. Many of the earlier versions are useful for circuits implemented on low loss
or nearly lossless substrates such as alumina, gallium arsenide, or membranes materiais.
There are also versions of the software, that can handle lossy substrates such as silicon and
were not available for public use outside of the consortium at the time of this work. Cur-
rently, this software is available with the calibration probes described above from Cascade

Microtech for high frequency planar circuit characterization.

3.3.3 Measurement Errors

This section presents a discussion on the circuit characterization by addressing mea-
surement error, accuracy and precision for the results obtained herein. The characteriza-
tion of a circuit is influenced by three technigues: fabrication, measurement, and
theoretical. The discussion proceeding will be primarily qualitative since an extensive
error analysis study has not been included in this work. By definition, measurement error
is the difference between the true or best accepted value of some guantity and the mea-
sured value. A measurement is accurate when the error is smail, therefore the accuracy
refers to a comparison of the measured and accepted, or “true,” value. Precision, on the
other hand, is a measure of the repeatability of a series of data points taken in the measure-
ment of some quantity [53].

The fabrication process used has been described extensively in Chapter 2. The associ-
ated errors exist in the mask making procedure and actual fabrication. Of the two, the
mask making accounts for the largest amount of inaccuracy since the quality of the mask
effectively determines the accuracy of design reproduction. Reductions ranged from 17 to

32 times; however, the masks were at 25 times reductions on average in order to produce
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the largest number of circuits on a single quarter of a 3 inch wafer. Higher reduction capa-
bility 1s available that yields accuraie features as small as 10 microns. The number of cir-
cuits per mask is limited, however, to a single design for circuits that perform in the 10 to
30 GHz. The accuracy ranges from 95% for dimensions larger thar 100 microns to 78%
for dimensions in the 10 to 15 micron range. The mask making process is based on optical
transfer of the rubylith image to & glass mask. Distortion at the edges of the lightboard also
introduce variation across the circuit dimensions depending on the location of the circuit
on the rubylith mask. The second source of error occurs in the process phase. Photolithog-
raphy contributed less than 5% error for features above 200 microns, and about 13% for
those less than 15 microns. However, these effects can be compounded when several layer
are required to fabricate the circuit. The circuits of interest have a large contrast between
the x and y dimensions since the planar lines have lengths on the order of millimeters and
slot or l_ine widths as small as 20 microns. As a result, the smallest feature realized in this
work using the given rubylith-CAD system is 20 microns for 25 times reduction.

The errors associated with the measurement system can be described as systematic or
random. Systematic effects such as leakage, test port mismatch and frequency response,
etc., produce uncertainties in the measured response. Random errors, on the other hand.
are unpredictable and generally very small and caused by electrical noise, leakage currents
and drift. Automatic vector network analyzers today are very accurate instruments since a
calibration model based on a 12-term error model is used to greaily reduce the sources of
systematic errors, Previously, external calibration models were discussed from the
National Institute of Standards and Technology. The largest contributor to measurement
error in the set-up is connector repeatability and error associated with improper calibra-
tion. Precision calibration standards exist for coaxial systems that allow for the use of Fult
2-Port calibrations. Such standards are not available for non-coaxial systems, therefore the
design of appropriate non-coaxial standards has a significant impact on the accuracy of a

calibration. In this work, the low frequency models test fixture uses a microstrip connec-
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tor, therefore, issues of repearability were of concern. Additionaily, since this design
required modifications to the microstrip connector to accommodate coplanar waveguide
transmission lines, connector similarity and repeatability have a role in the measurement
error. The response was limited to 15 GHz maximum as the parasitics and excitation of
higher order modes tend to effect the ability to calibrate the system well repeatably. This
motivated the measurement of the micromachined circuits using on-water probing tech-
nigues which provides excellent repeatability to planar circuits of coplanar waveguide
type. In addition, the on-wafer probing techniques utilize well-establish calibration tech-
nigues that are based on the 12-term error model.

The theoretical models employed can be divided into quasi-static and full-wave analy-
sis techniques. The latter represents the most accurate approach to model the electromag-
netic behavior of microwave circuits. The source of error using the SDIE and FDTD
meth0d§ can be identified by the approximations made to the actual test circuit dimen-
sions, dielectric composition, and geometry. For example, the programs are designed to
handle integer multipies of specific dimensions, which in reality are not always consistent
with the final dimensions. The trade-off comes in knowing which parameter is less sensi-
tive to this inaccuracy. Since the computational time and space can be a limiting factor,
compromises must be made to maximize the power of the particular method while aiso
maintaining the integrity of the test circuit. This is especially true when determining the
smaller dimensions of 10 microns in the same direction with lengths of 433 microns. To
get the finer resolution implies that the size of computational matrices is very large. Sec-
ondly, the packaged circuits evaluated in this work have angled sidewalls, however the
models have assumed vertical sidewails. In particular, SDIE programs are geometry spe-
cific and require that the upper and lower cavity also have similar widths even though in
reality there may as much as a 400 micron difference between the two cavity regions.
Lastly, all of the circuits have approximately a 1.2 micron thick silicon dioxide dielectric

that has not been accounted for in any of the models. The FDTD provided the most flexi-
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ble option since it is geometry independent and many of the results gave similar trends as
the measured cnes except for a frequency shift, which are due to a combination of the
issues previously described above.

In summary, there are many contributions to the differences observed between mea-
sured results and modelied ones. These differences can be decomposed into the fabrica-
tion, measurement and modelling errors. Each technique contributes a certain amount to
the overall inaccuracy of the data, however, a good estimation of the expected response is
achievable through the modelling of designs prior to testing. The testing and modelling
can therefore serve as a dual validation tool as long as the assumptions of the models and

test circuit are identified.

3.4 SUMMARY

The discussion in this chapter has established a foundation for the reader on the vari-
ous measurement phases used to evaluate micromachined circuits. Many of the planar cir-
cuits are evaluated on the probe station. however, some designs require very specific
testing set-ups. These special test circuits will be described in Chapter 2. The types of
resources available to evaluate micromachined circuits will become increasingly impor-
tant. For this work, the theoretical tools and measurement tools represent state of the art
for this time. With increasing interest in the development of the high frequency microma-
chined circuits, there will be more opportunitics to develop or modify technigues from
other areas that can function as excellent tools to determine the electrical behavior and

characteristics of these circuits.




CHAPTERIV

CHARACTERIZATION OF MICROMACHINED
PACKAGES

4.1 INTRODUCTION

Systems such as radar and satellite communications, increasingly rely upon develop-
ment of high frequency planar circuits that have optimum performance at microwave and
miliimeter-wave frequencies. Hybrid or monolithic microwave integrated circuits have
had a tremendous impact on the development of high performance circuits, Several of the
advantages observed in a single circuit design having broadband performance include
lower cost, smaller size and weight, enhanced circuit design flexibility and in addition to
multi-function operations. The hybrid circuits, known as microwave integrated circuits
(MICs), can be categorized by the transmission line media or the active device. Some of
the advantages include improved performance compared to traditional low frequency
design methods, lighter weight compared to conventional waveguiding systems, and
reduced cost due to the fabrication processes {55]. However, hybrid MICs typically
require wire bonds for electrical connections of the varicus compornents in the system
which is problematic in large system applications such as spaceborne phased arrays [56].
The above concern enhanced the development and use of monolithic MICs which offer
the advantages of wire bond elimination and large volume production of identicai chip
components. Therefore by the eighties, two options existed for high performance circuits,
MICs which include individual passive or active elements that are connected using hybrid

mounting technigues and MMICs which provide monolithic integration of active and pas-
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sive elernents on the surface of semi-insulating materials tc improve the circuit perfor-
mance [61].

Passive transmission lines, such as microstrip, stripline, slotline, coupled strips, and
coplanar waveguide (CPW), have provided the circuit designer with an extensive library
to achieve high performance planar circuits that can be implemented into a variety of
design configurations. Since the mid 1960’s muicrostrip [57-581 and stripline [58-39] con-
figurations have been explored and are commoniy utilized in today’s MIC and MMIC
designs. These technologies, however, are more difficult for active device integration,
either in hybrid or monolithic form since they require ground and signal line connections
between the various configurations. As communication system design requirements
increase in frequency, high performance planar circuit topologies are required for perfor-
mance needs at millimeter and submillimeter-wave frequencies.

In response to the problems associated with passive element and active device integra-
tion, coplanar waveguide began to gain more popularity. It was first developed and practi-
cally implemented in the late 1960°s by C. P. Wen [61]. The main problem that limited its
use in eariier work arose from higher losses observed than microstrip line. However, the
need to provide easy solutions for the integration of multiple components which operate
with varying functions quickly outweighed these concerns. Coplanar waveguide, having
both the ground and signal line on the same surface, inherently offers the feasibility of
active device integration into monolithic designs to improve the overall planar circuit per-
formance. In the last decade basic research in this area has focused on extending the planar
circuit design library to include passive components such as filters, couplers, and switches
that are based on this technology, in addition to, exploring monolithic system development
in the form of receivers and mixers that operate in the submillimeter wave range [23],{61].

Even though much effort has been focused on the integration and improvement of pas-
sive circuit and active device performance, packaging issues are at the forefront of elec-

tronic research topics and have been found to significanily influence the overall
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performance of a high frequency circuit design. Experts in the fields of device and compo-
nent development began to realize that the packaging area was progressing at a much
slower rate than the devices themselves [39]. As a result, many probiems such as parasitic
coupling and package resonances have been observed in diagnostic testing of planar cir-
cuits at these frequencies and are being attributed to the close proximity in the layout and
package housing size. Circuit designs for microwave and millimeter-wave frequencies
that have monolithically integrated shielding packages (micropackage) are being
explored. The micropackage is iniegrated using silicon micromachining techniques from
MEMs community. This type of package topology has not been explored extensively from
a experimental perspective even though a large body of information exists theoretically
and experimentally for planar circuits.

"This dissertation explores a high frequency package design that is based on a combina-
tion of silicon micromachining and MMIC processing techniques for high frequency cir-
cuit design. The advantage of this approach results in the ability for the first time to
resolve unwanted physical electromagnetic phenomena in planar circuits that result in
novel planar topologies that operate with superior performance to conventional pianar
technologies.

The final application of silicon micromachining techniques to traditional high fre-
quency planar circuit designs must addresses several issues. First, this novel package must
utilize fabrication techniques that are compatible with standard MIC and MMIC pro-
cesses; and the topology must be testable using current state of the art high frequency
measurement techniques. Second, the package effects must be evaluated on a variety to
basic geometries that represent fundamentai elements to high frequency passive compo-
nent design. Lastly, this structure must accommeodate a variety of configurations which
may extend in linear and nonlinear directions as well as handle single or multiple inputs

paths to a single line within the circuit and layout requirements. This variation in planar
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line shapes and directions require “conformal™ packages to provide basic understanding of
the shielding effects introduced by packaging approach.

In this chapter, the characterization of micromachined circuits using the micropackag-
ing technology described in Chapter 2 is presented. The micropackaged circuits are classi-
fied into three main categories: (1) partially shielded, (2) completely shielded or self-
packaged, and (3) conformally packaged circuits. In each category the discussion begins
with the motivation of the work followed by a description of the design objectives and
testing requirements. The last part section will be concluded with a brief summary of the
findings. Circuit performance of basic elements is presented for a variety of topologies and
comparisons to either theoretically modelled data or measured unshielded (open) circuits
having similar geometries are shown. Initial investigation of the upper shielded circuit
begins with the presentation of a microwave model and establishes the basis for the first
micromachined upper shiclded package. The evaluation of the completely shielded or self-
packaged circult is obtained through basic transmission iine characterization shown for
half and completely shielded configurations. Lastly, itiustration of conformal packages are
shown which extend the basic idea of self-packaged circuits into more complex circuit

designs.

4.2 MICROMACHINED PACKAGE AND CIRCUIT EVALUATION

Structures residing on centinuous substrates and in open environments exhibit poor
electrical performance due to free-space radiation and substrate mode excitation. Shielded
structures have the added problem of package resonances. The open environment
described refers to circuits which are printed on a dielectric substrate and are free to radi-
ate into space. The term “shiclded geometries™ means circuits which may be partiaily or
completely shielded through cavities in the upper and/or lower regions. Since substrate
modes occur in the dielectric substrate, the introduction of physical alterations to the sub-

strate liself can result in elimination of these parasitic waves and an improvement of cir-
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cuit performance. The following sections outline the steps required to design circuits that
reside in partially or completely shielded environments and extensively describes the sili-

con (Si) fabrication processes required for their development.

4.2.1 Micromachined Circuit Modelling Issues

While the geometrical parameters are determined to provide the desired electrical
response, the issue of package resonances and substrate mode excitation are also being
addressed. As has been described in the literature [40-41], electrical packages can greatly
affect circuit performance either through package resonances or through proximity cou-
pling. The first effect is mostly related to the dimensions of the package while the latter is
due to cross-coupling of neighboring circuits. These two mechanisms require contradict-
ing measures for correction or elimination and this leads to design trade-offs. Ideally, a
given circuit has an optimum package size that is small enough to eliminate resonances
within the range of operating frequencies and that is physically far enough from the cir-
cuitry so that it does not interfere with the circuit’s electrical performance. Although cir-
cuits in open environments do not encounter these problems, they are prone to parasitic
radiation losses which 1s mostly associated with the excitation of substrate modes. Since
the excitation of these modes is mostly dependent on the operating frequency and the
physical thickness of the substrate, careful layout configurations in less dense circuit envi-
ronments can sometimes reduce such parasitic radiation, provided there is flexibility in
circuit placement. In practical applications, however, circuit requirements greatly limit the
flexibility in rearranging the location of the various circuit components such that any lay-
out modifications, at best, can only weakly reduce such parasitic loss [{42].

During the characterization, preliminary findings indicate that substrate modifications
alone may have a substantial impact on substrate mode excitation. Since the late seventies
researchers have been aware of these problems in hybrid and monolithic planar circuit

design, however, the technology at that time could not provide alternative solutions to
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reduce the substrate mode excitation. Recent advances in silicon micromachining tech-
niques, however, aliow for unique, yet simple practical solutions. In the development of
micropackages, dimensions can be chosen simply by using waveguide and cavity models
to predict geometrical dimensions that avoid unwanted resonances. In addition, the shape
of the cavity can be designed so that it follows the circuit and does not physically affect its
performance. For open circuits, substrate modifications using micromachining can be
implemented to eliminate these unwanted substrate modes entirely, resulting in improved

circuit performance.
4.2.2 Existing Machine-Milled Shielded Circuits

4.2.2.a Morivation

Planar line structures which have a metallic shielding over the conducting line and
very thin substrates or no substrate could be used to provide novel generic shapes that
offer improved circuit performance [26]. Geometries of this form are beneficial to high
frequency circuit and array applications operating at frequencies ranging from Ka-Band to
the terahertz region. Since the parasitic radiation and other inherent loss mechanisms
found in traditional planar lines are especially detrimental to the electrical response of cir-
cuits at higher frequercies, novel geometries thut offer solutions to these problems are
warranted. From the analysis, circuits with coplanar waveguide lines and shielding on one
side of the circuit surface tend to radiate less than the conventional coplanar waveguide
(CPW) due to improved field confinement into the substrate.

To study this behavior experimentally, circuits on unaltered substrates have coplanar-
type lines with a cavity mounted over the circuit surface. Geometrically, this shielded cir-
cuit can be made so the cavity structure totally shields one side of the inner conductor strip
to form a microcavity (Figure 4.1). This geometry esiablishes the basis for studying the

effects of the shielding package on planar circuits. This structure can also be made mono-
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lithically by incorporating dielectric etching and metal deposition techniques as weli as
silicon micromachining technology to form the cavity region. Since theoretically a num-
ber of advantages have been shown in [12] for the shielded structure, experimental charac-
terization of this structure is merited to wvalidate the reduction in radiation loss and
electromagnetic interference. In addition, the potential to integrate this type of structure
with existing antennas of microstrip and aperture type {62] are promising. Section 4.2.2.b
will focus on & simple microwave model characterization that is based on a machine-

milled upper cavity mounted over coplanar waveguide circuits.

Microcavity
Coplanar Waveguide

PVC Support

Figure 4.1 Microwave Shielded Transmission Line Structure made of an aluminum block mounted
over the planar circuit on duroid substrate having £, = 2.2. The substrate is supported by a PVC block
that has been cored out in the middle.
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4.2.2.b Circuit Design and Fabrication Considerations

The first step in studying package effects requires evaluating the upper shielding cav-
ity in the presence of standard circuit designs. An understanding of these mechanisms pro-
vides useful information for high frequency applications. To characterize the performance
of circuits for higher frequency applications (in some cases even o sub-millimeter-wave
frequencies), a low frequency model is first evaluated. In high frequency measurements,
scattering parameters are used to evaluate the performance of a circuit and can be con-
verted with an appropriate model to lumped element equivalence. Experimentally, a
scaled model of the shielded line is measured to determine the circuit performance and the
total loss of the system is found. The electrical response and associated losses can be
scaled linearly to high frequencies except for those associated with the conductor. How-
ever, the amount of conductor loss in coplanar waveguide lines can be obtained from a
number of references in the literature for experimental and theoretical data. With the addi-
tuonal design parameters provided by the shielding cavity to the planar line, a wide variety
of characteristic immpedances can be obtained depending on the specific cavity and the pla-
nar geometry dimensions. The upper shielding offers an alternative to airbridges or via
holes, since the center conducting line is in such close proximity to the microcavity and
the ground planes of the line are tied together via the shielding cavity. The result is radia-
tion loss that is significantly lower than those of the conventional CPW or microstrip
mainly due to the microcavity enciosure.

The microwave model of the partially-shielded circuit consist of a coplanar waveguide
based transmission line circuit that has an aluminum cavity mounted over the center con-
ducting line with the bottom of the substrate elevated on a cored PVC non-conducting
block. This structure is used to develop an understanding of the nature of a cavity structure
on a planar ransmission line, The choice of coplanar wavegnide is due to the inherit
advantages of its physical properties for mounting active devices and ease of probe mea-

surements. In order to characterize the behavior of the upper shielded configuration, cir-
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cuit parameters must be obtained that correspend to desired the characteristic impedances.
These are calculated using quasi-static models to generate the range of impedance values
available for the design parameters [26].

The design criteria for the fixture requires matching of the fields at the discontinuity
between coaxial excitation and transmission line. Thus, the resulting characterization is a
three step process. First, various transitions are evaluated to provide maximum excitation
to the line. Second, the circuits are evaluated to determine the minimum thickness and
dielectric constant of the substrate which are feasible for accurate characterizaiion of the
line. Third, the results of the above processes are combined to evaluate the overall perfor-
mance of the line. The test fixture is designed so that a microcavity encloses the conduct-
ing line. This cavity is machine-milled into ar aluminum block and then a conducting line,
which is printed on the substrate, is centered and aligned to the cavity. Center positioning
of the cqnducting line ensures excitation of the CPW mede (odd mode) and suppression of
the slotline mode (even mode) in the line. The back of the circuit substrate is then sup-
ported by a cored non-conducting PVC block which offers mechanical strength to the sub-
strate surface and support for the coaxial connectors. After mounting the circuit, the
connectors are placed on the circuit and secured for measurement.

The circuits described in this work are designed for 10-15 GHz operation on a duroid
with dielectric constant, €. of 2.2 and subsirate thickness of 0.762 mm. While thinner sub-
strates have been tested, flexibility in the dielectric backing resulted in poor ground plane
contact. This leads to leakage and poor measurement repeatability. Ground planes are
included on the circuit surface to ensure contact of the cavity ground to the CPW ground.
While this enhanced the performance, it is observed that a substrate thickness of
0.762 mm provides the most repeatable measurements for characterization since the sup-
porting PVC material is cored in the center. To ensure excitation of the CPW mode, the
ground planes of the CPW line are extended inside the cavity. Connections between the

coaxial line and the CPW line are obtained by field matching rather than impedance
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matching. It is observed that a CPW line of 72 okms matches optimally to coaxial line of
50 ohms [63]. Impiementing the above considerations results in a fixture that is easily
characterized during calibration.

The planar circuits are fabricated using standard photolithography and wet etching
techniques employed for the durcid laminate substrates. Initially, the cavity is represented
by an aluminum block that is milled to the desired depth and width corresponding to a
50 ohm input impedance. In this case a 50 ohm line is achieved by having a cavity width,
w, and height, h,, dimensions of 2.5 mm and 1.27 mem, respectively with CPW slot, w,
and conductor, s, dimensions of 0.5 mm and 1.52 mm. Since the circuits are coplanar
waveguide, excitation is obtained using the Omni Spectra flange mount tab coaxial con-
nectors. These connectors have a Teflon diameter of 187 mils and a tab width of 1.52 mm
and are designed to be mounted in a fixture environment. Since these connectors are typi-
caltly uscd in microsirip designs, modifications have been incorporated in order to main-
tain electrical continuity between the system ground through the connector and the planar

cireuit ground of the coplanar waveguide. Figure 4.2, shows how brass tabs have been sol-

Center Conducting Tab

Ground Tab

Figure 4.2 THustration of the modified conducting tab to connect the coaxial connector to the coplanar
waveguide transimmission line.

dered to the gold-plated connector at a 90 degree angles to provide a physical connection
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4.2.2.¢c Microwave Model Measurements

Characterization of the fixture and discontinuities are obtained using the Thru-Reflect-
Line (TRL) calibration technique which eliminates the effects of the connector discontinu-
ities from the measured data. Since precision calibration standards of the half shielded cir-
cuits are not standard and readily available, a non-coaxial de-embedding technique 1s
utilized to characterize the line [64-65]. In a two-tier de-embedding technique is
employed. the ANA 1s first calibrated using precision coaxial standards. The test fixture 1s
then calibrated with appropriate planar standards that ofter field transitions between the
coaxial connector and the linearly tapered input planar line of the specific line.

Experimentally, the propagation constant of the line 1s obtained from the measurement

of phase information of a long delay line (Figure 4.4). For the characterization of disconti-
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Figure 4.4 Effective Dielectric Constant of the Microshield Microwave Model. Graphs shows the
calculated effective dielectric constant which was determined theoretically to be 1.4.
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nuity effects, a two-coupled open-end line is measured and scattering parameters are
shown in Figure 4.5 for the magnitude and phase of the circuit. The calculated radiation
loss factor is shown in Figure 4.6. In general the comparison between theory and experi-
ment is in very good and the ripple seen in the measured data is attributed mainly to the
very small coupling that exist between the two slot line which intensifies the effects of

connector repeatability.

4.2.2.d Summary and Conclusions

During the first phase of experimental characterization in this study, the results from
upper shielded machine-milled circuits formed the initial groundwork for investigation of
monolithic versions of the circuit. The performance thus far has indicated lower radiation
compared to conventional coplanar waveguide (CPW) lines in frequency range. Since a
numberrof difficulties can occur in achieving a good fixture design that can be accurately
characterized for coplanar waveguide based circuits, future measurement data wiil be
obtained using on-wafer probing technigues for characterization. The size and bulkiness
of the aluminum cavity as well as alignment accuracy can be improved by developing a
similar structure on lightweight materials such as silicon, where the cavity is formed
monolithically using micromachining technigues. In the next section measured data will

be presented for the cavity structure implemented in a silicon based system.

4.2.3 Micromachined “In-Line’’ Packaged Circuits

The characterization of partiaily as well as completely shielded circuits can provide a
very comprehensive understanding of the effect of micropackaging on circuit perfor-
mance. Resuits have been obtained from a theoretical and experimental investigation of a
variety of circuits. These circuits are grouped into three categories: (a) circuits with upper
shielding (US), (b) circuits with lower shielding (1.S), and {c) circuits with complete

shielding (CS) or self-packaged.
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4.2.3.a Self-Package Circuit Characterization

To accurately characterize the micromachined geometries presented, the first issue to
address is the development of feeding lines that provides appropriate excitation to the cir-
cuit. Since the measurement system reference impedance is 50 ohms, the feedline dimen-
sions are determined to meet this requirement. For the circuit components presented in this
paper, the feedlines were designed using CAD tools available at the University of Michi-
gan [66]. For the on-wafer probe station, coplanar waveguide input feedlines were
designed to have a 100 micron center conductor width and a 60 micron slot width, which
were determined using design equations from Ghione et. al [67]. For matching 50 ohm

impedances in the shieided region, the planar line tapers outward to dimensions of 18C and




TG

130 microns for the center conductor and slot widths, respectively. The cavity dimensions

used in this case are shown in Table 4.1 of Figure 4.7.

Upper Cavity

Lower Cavity

Cavity height width-max width -min
+ Upper 280 1200 800
. Lower 350 950 500

Table 4.1 Cross Sectional Bimensions of Shielded Cirenits

Figure 4.7 Dimensions for the completely shielded micropackaged circuit in microns.

The micromachined circuits in this study have several transitions incorporated te min-
imize the mismatch between the probe and shielded geometries (Figure 4.8). Specifically,
completely shielded and partially shielded structures have similar transitions, although in
one case. half of the shielded region is absent. The first transition occurs between two 50
ohm sections of grounded CPW (GCPW) where the first section (A-B) is the probe feed-

ing pad which has a center conductor width of 100 microns and a slot width of 60 microns.
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Figure 4.8 Various transitions of a completely shiclded micropackaged circait used for on-wafer
robing calibration

This feedline increases linearly to a wider conducter (B-C) having a center conductor
width and slot width of 180 and 130 microns, respectively. The next transition is a discon-
tinuity at the D-D’ plane that occurs between the open GCPW line and the completely
shielded GCPW. At this transition the conducting line dimensions remain the same, but an
upper shield has been integrated monolithically and has dimensions that are chosen such
that the impedance of the line is not effected by the presence of the shield. The upper
region is an air-filled cavity having a width of 1200 microns and height of 280 microns
while the lower region is a dielectric-filled cavity that is designed to have a smaller width
of 950 microns and height of 350 microns. The lower cavity width is the minimum
required to avoid sidewall interference with the field confinement in the slots. Since the
calibration reference planes are located inside this shielded region, all measured circuits

have similar feedline transitions to allow use of the same calibration standard set.
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The calibrated response of a through line for open CPW and upper shielded (US) CPW

has been measured and results are shown on Figure 4.9. As indicated by these results, the
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Figure 4.9 Effective dielectric constant for an upper shielded and open CPW through line.

open CPW line suffers from parasitic radiation losses in the form of substrate modes
which is indicated by the ripple shown in the data toward the higher frequency end of the
band. When the same line is packaged in the upper air region only, coupling into substrate
modes s reduced resulting in a flatter response over the entire frequency range.

For the lower shielded (1.S) and compleiely shielded (CS) through line, a plot is shown
in Figure 4.10 for the line attenuation in dB/mm which includes the effects of both dielec-

tric and conductor loss. The resuits shown on the figure indicate that the lower shielded
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lice has performance comparable to data presented by Taub [19] for losses in coplanar
waveguide which is printed on silicon wafers with similar resistivity (3000 ohm-cm) and
with the same aspect ratios. It is interesting to observe that attenuation in the completely
shielded line (CS) is slightly higher than the lower shielded line (LS) due to additional

conductor loss that is present in the upper shield. In conclusion, the data shown indicate

Y J S U S—

SR Lower Shielded
. - ——Completely Shielded

=
'™
}
i

ATTENUATION (dB/mm)
=
ot

FREQUENCY (GHz)

Figure 4.1¢ Attenuation constant for a completely shielded and lower shiclded through line.

that both LS and CS cases provide a favorable alternative to the use of grounded CPW
which is known to suffer from excitation of substrate modes. In the open-end series stub
section discussed later, a more thorough description of micropackaging effects on circuit
performance will be presented in order to show the benefits of either partial or complete

shielding compared to open environment circuit designs.
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For circuit isolation of a completely shielded configuration, two delays lines, whose
iengths differ by 510 microns, are measured where the input signal goes into port 1 of the
shorter line and the output signal is measured from port 2 of the longer delay line. The
resulting measured isolation is at least -40 dB across the band as seen Figure 4.11 for cir-

cuits that are separated by approximately 2.54 millimeters.

ISOLATION (dB)

-60 iy :
10 20 3¢ 40

FREQUENCY (GHz)

Figure 4.11 Isolation response between two completely shiclded delay lines, where delay lines | and 2
are 3732 and 3242 microns, respectively. These lines have adjacent ground planes (GP), adjacent
channel grooves (ACG) and center conducting lines (CCL) separated by 836, 1330 and 2546 microns,
respectively.
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4.2.4 High Frequency Circuit Designs with In-Line Package

4.2.4.a Short-End Tuning Stub

Various simple discontinuities are implemented to show the realization of conven-
ticnal circuits into micromachined seif-packaged design configurations. Figure 4.12a
shows the physical dimensions of a series short-end tuning stub element [66] located
within a completely shielded embodiment while Figure 4.12b shows a comparison
between measured and full wave analysis results. The theoretical and experimental data
are plotted and show similar electrical performance except for a shift in the resonant fre-
quency which is attributed to the geometrical variations between the model and actual cir-
cuit geometry. Since the theoretical results do not account for losses, the difference in the
ievel of the transmission coefficients is expected. Another geometrical variation that may
also be responsibie for the observed differences is the trapezoidal shape of the cavity walls
as opposed to the rectangular shape assumed by the models. Furthermore, the theoretical
model assumes identical widths whereas the upper cavity is actually wider than the lower
cavity (Figure 4.7). Both of these effects can alter the circuit parasitic capacitances, thus,
modifying the bandwidth and resonant frequency. Lastly, since the model assumes per-
fectly rectangular corners in the stub fingers, the measured line lengths can appear electri-
cally shorter since the stub fingers suffer from rounding of comners and edges as a resuit of

the fabrication procedures.

4.2.4.b Open-End Tuning Stub

The open-ended tuning stub {66] shown in Figure 4.13 will be used to illustrate the
electromagnetic effects from a variety of micropackaging configurations. Performance
curves will be shown for the upper (US), lower (LS) and completely shielded (CS) config-
urations. These results will be compared to open CPW and a discussion will be presented

on the nature of the various effects on the circuit response.
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Figure 4.12 (a) Series short-end tuning stub dimensions in microns. (b) Comparison between FDTD
model and measured results for reflection (S;;) and transmission (841} coefficients of a completely
shielded short-end tuning stub in the lower view.
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In the case of open CPW, loosely bound fields tend to leak power strongly and destruc-
tively into substrate modes. When shielding occurs in either or both regions, the propagat-
ing modes become tightly bound to the line and radiation is reduced significantiy
compared to the case of the open CPW. The circuit performance shown Figure 4.13 com-
pares the open CPW to the CS geometry. The open CPW shows performance degradation
above 25 GHz due to the excitation of a strong substrate mode, while completely shielded
circuits exhibit a very smooth response even at higher frequencies due to the reduction of
parasitic radiation and surface waves. When comparing the US to the LS configuration
(Figure 4.14) for the same circuit geometry, the LS has the smoothest response due to the
substantial reduction of substrate leakage. Although the circuit performance for the US
show a few ripples at the higher frequencies, overall performance improvements are
observed as a nearly symmetric response is obtained. While the LS and CS scattering
parameter measurements appear virtually identical in Figure 4.14 and existing differences
will become more apparent when cbserving the total loss data shown in Figure 4.15.

A the total loss comparison of self-packaged components and open environment com-
ponents, as seen in Figure 4.15, shows that open configurations exhibit the highest overall
loss. Of the self-packaged components, the US configuration has the highest loss which is
mainly due to conductor loss and excitation of a strong surface waves. The lowest loss is
presented by the LS geometry since the fields are primarily confined in the dielectric-filled
cavity causing a reduction of parasitic radiation effects intc air. In these circuits the LS
package size is chosen to be small enough to suppress unwanted resonances. Lastly, the
CS geometry exhibits loss performance that is compromised slightly when compared the
to LS case due to the presence of the upper shieid. In general, however, micropackages
with partially or completely shielded environments can offer significant improvement in
electrical performance over open environment circuits. In instances where maximum

reduction in loss is needed, the lower shielded configuration is the ideal choice while opti-
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Figure 4.14 Comparison of reflection (S;;) and transmission (Ss;) coefficients between upper and
lower shieided CPW environments for an open-end series stub.
mum isolation in either or both regions requires use of the completely shielded configura-

tion.

4.2.4.c Stepped Impedance Filter

A five-section stepped-impedance CS lowpass filter has been designed as shown in
Figure 4.16 with high and low impedances of 100 Q and 20 £ respectively. Figure 4.17
show a comparison between measurements and theoretical results derived from quasi-
static models where both conductor and dielectric losses are included. In the PUFF model,
care was taken to incorporate the specific metallization thickness and the appropriate sur-
face resistivity which correspond to the various sections of microstrip line widths. To real-
ize 100 and 20 ohm impedance steps, 20 and 380 micron wide conductor lines are used

with slot widths of 210 and 30 microns. In the low impedance section the line excites a
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Figure 4.15 Loss comparison of an cpen-end series stub in open (CPW), upper (US), lower (LS) and
completety shielded (CS) environments.

coplanar waveguide mode due to the narrow slot width while the high impedance section
excites a microstrip mode. This mixed-mode operation produces parasitic inductances and
capacitances that cannot be easily accounted for in the quasi-static model. Despite this
limitation however, at relatively low operating frequencies the effects of such parasitics
are reduced and, as seen n Figure 4.17, the measurements agree very well with the theo-
retical data. The total system loss, (I- IS“E2 - 1S511%), shown in Figure 4.18 shows good
agreement between theory and measured results. This indicates that the circuit has negligi-
ble radiation loss and thereby confirms the effectiveness of the micropackage. The fevel of
loss can be attributed to the aspect ratios of the low and high impedance sections which
are known to cause higher loss in both the coplanar waveguide mode [68] and the micros-

trip mode [69].
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Line Lengths (microns)

1,= 988

1,=703
132940
=722
15=088

Tabie 4.2 Actual Circoit Dinensions

Figure 4.16 Dimensions of a S-section stepped impedance lowpass filter having fow impedance
sections of 20 ohms and high impedance sections of 166 ohms.
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Figure 4.17 Comparison of reflection and transmission coefficieni between the PUFF model and
measured results for a 5-section stepped impedance lowpass filter.
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Figure 4.18 Loss comparison between the PUFF model and measured response for a S-section
stepped impedance lowpass filter.

A seven-section stepped impedance filter (Figure 4.19) is realized that illustrates the
importance of maintaining & DC ground between the lower shield and the CPW ground. In
Figure 4.20, measured and theoretical data are shown, where the measured circuit begins
to show effects of substrate mode leakage at 30 GHz that is not predicted in the theoretica)
model. In this circuit, rf coupling though the oxide dielectric is used to establish grounding
between the various ground connections. Comparison between measured data and the
ideal transmission line model are also shown where the conductor loss and dielectric has
been included. The loss indicates similar effect from the ripple effect shown compared to
the computed response of theoretical response. Care has been taken regarding the conduc-
tor losses to incorporate the specific metallization thickness and appropriate surface resis-

tivity corresponding to the various sections of line widths. Since low and high impedance
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Figure 4.19 Seven-section stepped impedance filter where all dimension are in microus.

lines are used, the low section excites a coplanar waveguide mode due to the narrow slot
width while high impedance section excites the microstrip mode. This result in sections of
lines that operate in a mixed mode and create parasitics that cannot be easily accounted for
in the current model [69]. A modified circuit that has the continuous dc connection
between the two ground planes is shown for the five-section stepped impedance filter
above shown in Figure 4.16. Validation of the response of a self-packaged filter, shown in
Figure 4.22, is provided through a comparison beiween a theoretical model based on finite
difference time domain {FDTD) and experimental measurements. Even though loss

effects have been neglected in the model, excellent agreement is observed.
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Figure 4.21 Loss Performance for the seven-section stepped impedance filter without de contact
between the planar line ground and the lower shield.

4.2.5 Micromachined Conformally Packaged Circuits

The “in-line” self-packaged circuit has motivated the investigation of monolithic con-
formal packages that can follow the path of various line geometries, and can be sized in
such a way that package resonances are excluded from the desired operating frequency
range. Furthermore, this package offers flexibility for use with existing uniplanar technol-
ogies and thus can incorporate many types of transmission medium such as microstrip,
coplanar waveguide, coaxial line or stripline. Since the concept of conformal packaging
can be applied to a very broad range of applications, some investigation is required to
evaluate the effects this package has on circuit designs that have non-linear paths within
the geometry. In an effort to meet space allocation criteria, many designs that incorporate
power dividing and arrays use bends and meander lines to reduce the space required of

very long feed lines. Therefore, to illustrate the use of conformal micropackaging to non-
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Figure 4.22 Comparison between the FDTD model and measured results for reflection (S;;) and
transmission (S;) coefficients of a 5-section stepped impedance lowpass filter.

linear topologies, a detector mounting structure and double right angle bend have been

selected.

4.2.5.a Microwave Detector Mount

The primary objective of this project is to illustrate the use of micromachining in the
development of conformal packages for high frequency mounting structures. This section
begins with a discussion of the approach and goals of this work. The conformal package
topology issues are summarized, followed by the design of the detector circuit. Next,
experimental results and a discussion are presented on the mount characterization. The
concluding remarks consist of a general summary and proposed improvements to the
detector design.

The detector mount system under consideration uses two diodes mounted hybridly in a

balanced arrangement across the slots of a coplanar waveguide-based design (Figure

4
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4.23). Te package this mounting structure, a topology is required that shields the planar
circuit and accommodates the non-linear or cross-tee junction that is present due to the
shunted diodes across the CPW slots. In order to realize this structure, the problem is
divided into a detector and a package design. Since the package is the primary objective,
there are two main requirements that must be achieved. First, the shield cannot degrade
the performance of the detector circuit and second, the diodes cannot be obstructed during
the integration of the upper shielding cavity.

The fabricated mounting structure uses three silicon <100> wafers to realize the circuit
and shielding package. In the middle wafer, the upper shield has been left completely open
in order to verify that the shielding cavity has not obstructed the diode in the space allo-
cated. The package cross-section resembles the two-dimensional self-package described
in Chapter 2 with the addition of right-angle corners to accommodate the cross-tee junc-
tion for the diodes. In the lower wafer, the circuit is shielded by lower cavity which is
defined by the adjacent sidewalls of the v-grooves underneath the ground planes. To com-
plete the circuits, diodes are then mounted hybridly and an additional metailized wafer is
placed on top of the middle wafer to completely enclose the mount. While a three wafer
system has been used as the prototype, a two wafer system can be easily implemented by
replacing the upper two wafers with a single wafer. This will provide a continuous upper
shielding enclosure to the mount and reduce the size and weight of each mounting struc-
ture. Lastly, all wafers are secured together using adhesion techniques of either resist or
silver epoxy.

One of the problems encountered in this design is the issue of overetching. In this lay-
out, there are outward corners underneath the planar line that were overetched in the
region of the outer ground plane. In Figure 4.24, the wavy crinkled regions in the ground
planc are indications of overetching and ground plane deformation. Since the region
underneath the circuit is far away from the lower shielding cavity, it is electrically decou-

pled from the fields in the slots of the coplanar line. Therefore, this should not impact the
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electrical performance of the circuit. The problem of ground plane deformation, however,
limits the overall integrity of the mounting structure. There are two modifications to
resolve this issue associated with the metal thickness and supporting dielectric materials.
First, metal thicknesses on the order of 3 microns can be achieved through electroplating
and provide good step coverage compared to the 1 micron thick evaporated metal used in
this case. The evaporated metal is problematic since the dielectric. removed to achieve DC
contact, is on the order of 1.2 microns. The result is poor step coverage in that region
which adds stress and fatigue to the unsupported thin metal. Second, the inclusion of a tri-
dielectric layer of oxide/nitride/oxide can be used as opposed to the single dielectric layer
oxide (Figure 4.24) to offer additional support to the metal. The oxide dielectric has been
observed to collapse in the regions where there is undercutting and deforms the vertical
walls of the masking oxide.

In this coplanar waveguide design. two similar diodes are placed in a parallel arrange-
ment across the CPW slots. Since the diodes are considerably larger than the planar slot
widths, the ground planes are deformed and the center conductor is extended to accommo-
date the length of the diode. Since two diodes are required, similar DC performance is
necessary to maintain symmetry in the planar circuit. The HP 8320-HSCH beam lead chip
is bonded to the circuit using silver epoxy (EPO-TEK H20-E). The measured series resis-
tance is 16 ohms and a zero-bias junction capacitance is 0.08 pF. The ideality factor. n, 1s
1.05 and the saturation current, I, is 5.25 pA. With the dc parameters known, the match-
ing network can be designed and the system can be evaluated. The planar circuit is mod-
elled after the basic detector circuit shown in Figure 4.25. Specific design requirements
[71] used in the development a micromachined detector correspond to the circuit shown in
Figure 4.25. A 5 section stepped impedance lowpass filter is designed and has the
response shown in Figure 4.22 with dimensions given in Figure 4.16.

Two measurements are required to evaluate the performance of the detector mount.

First, the response of the passive circuit is obtained using the on-wafer probing station and
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Figure 4.25 General design scheme for a detector circuit, where MN is the matching network, LPF is
a lowpass filter, RFC is the RF choke, and CB is the blocking capacitor.

is shown in Figure 4.26. The detector has the best match at 21 GHz (Figure 4.27) and the
matching network shows a 750 MHz bandwidth response at -10 db return loss. Second,
the detector responsivity 1s determined for a modulated RF signal. Video detection 1s
defined as the ratio of detected low frequency voltage across the load to the RF power
available at the terminals of the circuit. The video detection is done at 21 GHz for a bias
current of 20 microampere to the diode pair.

The measurement set-up used to obtain responsivity is shown in Figure 4.28. The bias
box sends a bias current to the detector via the high frequency probes. This signal is
received from the DC bias port in the back of the test set. The DC output signal is received
at the bias box from the circuit and sent to the lock-in amplifier which measures the
detected output voltage. The detector is evaluated with a 21 GHz RF signal of that is mod-
ulated with a | KHz square wave pulse having 50% duty cycle. The responsivity com-
puted from the measurements at 21 GHz for the lower half shielded and completely
shielded structure are 1680 and 1810 V/W. The bandwidth of the circuit can be improved
by using a wideband matching techniques. Specific to the packaged design, the overall cir-
cuit responstvity improves with the inclusion of the shielding structure. The packaged

design reduces the parasitics caused by discontinuities in the planar circuit which will
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Figure 4.26 Top view of the planar circuit layout of the detector mounting structure.

radiate higher and exhibit substrate mode excitation. A comparison of the diocde responsiv-
ity to a theoretically modelled one is shown in Figure 4.29. This figure shows a comparni-
son between the measured and computed responsivity, where improvements are observed
for the packaged configuration. The details of the derivation are shown in APPENDIX C.

To summarize, a subsystem design has been implemented for a detector mounting
structure. It has been evaluated using on-wafer probing for the passive circuit performance
as well as the responsivity. The concept of the conformal package has been successfully
demonstrated in a hybrid design since the responsivity increases due to the package. This

type of package can be used in a hybrid or monolithic designs and a wideband perfor-
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Figure 4.27 Passive circuit response of the detector mounting structure.

mance can be achieved with the use of wideband matching networks such as resistive
shunting. To address the narrow bandwidth, a high impedance resistor can be shunted
across the diode. This resistor, however, will need to have & series capacitance in order (o
provide the appropriate RF short and to DC block this load from the LF network. Without
this blocking capacitor, the resistor loads the amplifier making the detected signal
extremely small. Although consideration was given to the implementation of a wideband
design, detector design optimization will not be addressed since the primary objective of

this research is to address packaging.
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Figure 4.28 Measurement System for the Detector Mounting structure.

4.2.5.b Double Right-Angle Bends

The last section of this chapter introduces the double right-angle bend shown in Figure
4.30 for a open and partially shielded circuit. It has been fabricated using standard proce-
dures for the planar circuit and the upper shielding cavity. In this design, the issue of the
convex corners has been improved compared to the one shown in the detector mount. The
planar circuit has center conductor and slot width of 180 and 130 microns, respectively
and is on 330 micron high resistivity silicon. The upper cavity has been fabricated on low
resistivity silicon and is etched 350 microns deep and 1200 microns wide on a 550 micron
thick wafer. Both the open and the partially shielded circuit have been mounted on a
duroid substrate to reduce the effects of substrate modes excitation found in grounded
coplanar waveguide circuits. Note in this case, that the shielding only occurs in the upper

half space and the dielectric in the lower region is continuous.
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Figure 4.29 Predicted versus computed responsivity of the micromachined detector circuit. The
individual data points represent the measured results for the lower half-shielded and completely

shielded structure.

The response of the micromachined circuit is shown in Figure 4.31 for the open and
the shielded case. The performance is very similar as expected indicating that the effects
of the upper cavity are minimal on the circuit performance in this operating range. Simi-
larities between the return and insertion loss phase data of the open and half-shielded
structure indicate that the propagation constant is not aitered much by the presence of the
upper cavity. As the frequency of operation increases beyond the band shown. the upper
shielded case has some excitation of parasitic modes that can be minimized in a com-

pletely shielded topology. The total loss shown in Figure 4.32 for this circuit is also simi-
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Figure 4.30 Ilustration of the double right angle bend. Top drawing shows a front view of the cavity
region. Bottom view shows a top view of the circuit geometry. All dimensions are in millimeters.
tar even though 1t is a little higher by about 0.5 dB in the case of the upper cavity circuit

due to the additional conductor of the shielding region.

4.3 SUMMARY AND CONCLUSIONS

The development of micromachined cavities for micropackaging of high frequency
circuits has proven successful. The performance of a scaled modei version has been shown
as the predecessor to the actual micromachined circuits and measured data have been
compared to theoretical results. Micromachined packaged circuits have been illustrated in
a variety of configurations and are used for representative circuits based on coplanar
waveguide transmission line to evaluate the performance. Of the three possible shielding

topologies (i.e. upper, lower and completely shielding) a comparison is made between the
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Figure 4.32 Computed Total Loss for the double right angle bend shown in Figure 4.26.

open structure and theoretical predications. In all cases, electrical performance improve-
ments were observed for the variety of planar circuit realized. The most significant
improvement have been observed first in the lower shielded circuits, second completely
shielded and then the upper shielding.

The response of simple circuit geometries used in conventional planar line designs
have been implemented for the “in-line” configurations for through lines, series open and
short tuning stubs, as well as a stepped impedance lowpass filter circuits. The measured
response has been compared to an open coplanar waveguide circuits having a similar
geometry as well as to theoretical models that are based on quasi-static or full-wave tech-

niques. The finite time domain method has proven to be the most flexible modelling
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method even though it typically requires intensive computational time and large memory
allocation. Since these models are lossless in the case of shielded structures and include
radiation loss for the open ones, the improved performance observed in many of the cho-
sen circuits is due to the reduction in the radiation loss caused by planar discontinuities.
Finally, the most significant impact of this technology has been seen through the imple-
mentation of the continuous via channel that defines the lower shielding cavity. This chan-
nel provides direct contact between the upper circuit ground plane of the coplanar
waveguide and ground of the lower shield, thereby eliminating the substrates modes that
may have been excited under normal operation.

The “in-line” package has been extended to consider paths that are non-linear for the
development of conformal packages which have been realized for in a detector mounting
structure and a double right angle bend. The flexibility of micromachining techniques is
illustrated through these examples and indicates the potential this concept offers to accom-
modate a variety of planar designs that are common to high frequency circuit design. The
issues associated with the cross tee-junction and bends have been discussed and appropri-
ate compensation techniques have been instituted to ensure the realization of the desired
cavity geometry requirements. The performance again has been shown in comparison to
an open structure for the right angle bend example and indicates goods results in the given
frequency range.

In conclusion, the monolithic integration of a shielding cavity to planar circuit design
has produced a packaging concept that minimizes the effects of substrate mode excitation
and package resonances. The resulting performance improvements are consistent with ear-
lier predictions made in 1991 regarding novel planar circuit technotogy [11] for the “self-
packaged” topology that is represented by a micropackaged cavity surrounding a individ-
ual circuit elements. The results obtained for the varicus topologies show good agreement
between measured data and theoretical predictions for the basic high frequency compo-

nents realized herein. As a result, successful development and characterization of the self-
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packaged topology has beer achieved and the objective to realize a monolithic package

using micromachining technigues for high frequency applications has been satisfied.



CHAPTER V

MICROMACHINED MICROSTRIP ANTENNAS

5.1 INTRODUCTION

High speed systems that are lightweight and small in size require electronic circuits
that operate at faster rates with optimum performance. For electronic products in the area
of personal communication systems (PCS) and wireless telecommunications, demand for
more compact designs with faster operation is increasing. Antennas, such as the microstrip
patch, have tremendous potential in today’s market to meet such demands. Thus far, its use
in microwave and millimeter wave applications has been greatly influenced by its simplic-
ity, conformability, low manufacturing costs [73] and vast availability of design and anal-
ysis software. Faster operations and reduced circuit size requires an increase in the
frequency of operation and high dielectric constant materials. These reguirements, how-
ever, have adverse effects on patch antenna performance since the excitation of inherit
electromagnetic effects, namely substrate modes, can deteriorate the antenna performance.

Antenna efficiency and bandwidth improvements can be achieved with the reduction
of substrate modes in the form of surface waves. Consequently, the radiated power that is
typically lost to this mechanism can be focused into more useful space waves. While theo-
retical models (i.e. quasi-static and full-wave) and experimental data exist that provide
insight on the effects of this mechanism, novel design approaches are still required to
reduce its excitation. Using the techniques employed to develop high frequency microma-

chined circuits, alternative solutions are available to aid in the suppression or elimination

102
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of these modes. With specialized processing and advanced design/modeliing techniques,
these undesired effects can now be accounted for and reduced or eliminated.

Specific to patch designs, optimum performance is dependent on the choice of material
and feeding technique applied. Traditional designs have been implemented on low dielec-
tric materials that are electrically thick in order to obtain high efficiency and broad band-
width [74]. To address the compact design issue for current RF applications however, high
dielectric materials are required to provide reduction in physical dimensions. Unfortu-
nately, antenna performance suffers severely in these environments unless surface wave
excitation is controlled. The problems associated the excitation of these modes are more
pronounced in the high dielectric constant raterials than low dielectric ones and results in
higher power losses. Since antenna performance is degraded [78-79] when the surface
wave power increases, the gain of the antenna is also reduced. To accommodate the
requirements imposed by both the passive circuitry and the antenna element, novel geom-
etries can now be realized using silicon micromachining. This technique can be used to
selectively alter the substrate underneath the antenna thereby locally reducing the dielec-
tric constant and the amount of material available to support surface waves.

This chapter presents the development and characterization of such an antenna that has
been fabricated to provide a reduced “effective” dielectric constant underneath a patch.
The characterization includes both theoretical and experimenta! data for a microwave
model as well as the performance of a Xa-Band antenna element. The discussion will
begin with a brief summary of microstrip paich antenna design based on an intuitive per-
spective. The characierization method employed evaluates the design on a microwave
model made of Stycast (g.=12) that simulates the antenna in a silicon environment. The
specific design is then analyzed using full-wave methods prior to the fabrication of the
high frequency antenna. Once the micromachined antenna has been realized, the perfor-
mance is characterized through the measurement of the return loss and radiation pattern.

While impedance and radiation patterns are used to evaluste the antenna performance,
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these alone cannot provide conclusive results regarding surface wave reduction. The find-
ing of the return loss and radiation thus far are guite encouraging and support future inves-
tigation of substrate mode behavior. The existence or reduction of surface waves must be

evaluated in terms gain or efficiency measurements and is beyond the scope of this work.

5.2 MICROSTRIP ANTENNA DESIGN AND ANALYSIS

The concept of the microstrip antenna originated in the 1950°s [81] and since that time
has been explored extensively to provide design and analysis tools for practical design
applications. The microstrip patch consists of a lower conductor that functions as the

ground plane and an upper conductor that behaves as a resonator (Figure 3.1}, In its sim-

= / Resonator

Groun Plane

Figure 5.1 Microstrip Patch Antenna.
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plest form, rectangular or circular shapes have been used and are easily arrayed in many
applications over a broad frequency spectrum (400 MHz to 40GHz). Recently, it is being
considered in anti-collision avoidance radar systemns that operate at 77 and 94 GHz. The
popuiarity of this antenna will continue to increase since it offers simplicity and ease in
fabrication with conventional planar circuit desigrs.

Design and analysis tools predict antenna parameters such as the resonant frequency,
radiation resistance, radiation pattern, gain, directivity and efficiency and range from sim-
ple analytic models based on circuit theory or modal analysis to complex ones based on
full-wave methods. The former models have the advantage of providing analytic expres-
sions and offer good intuitive perspectives on the physical behavior of the antenna
whereas the latter offers solutions to the short-comings of the intuitive approach by accu-
rately evaluating the physical phenomena present in the structure. Practically speaking,
both design approaches are still employed where the analytic method is used on simple
geometries such as a rectangular or circular patch to provide fast simple results. Full-wave
methods, on the other hand, are necessary in the analysis and evaluation of any complex
paich geometry, feeding mechanisms, and array designs and offer the most accurate
results. Since the antenna in this work is a single rectangular element fed by an inset
microstrip line, the intuitive approach will be discussed in the following section since

these offer excelient understanding of the patch behavior.

5.2.1 Transmission Line Model

To understand antenna parameters from a basic transmission line theory approach, the
patch can be viewed as two radiating slots separated by one half a guided wavelength (A,)

at a given design frequency (Ay),

A2 =R /(2 ). (5.1)




106

In this model each slot of length a is viewed as a narrow slot radiating inte a half-space
and as a 2-element broadside array where a is less than a wavelength and is typically cho-
sen to be half the free-space wavelength in order to reduce the excitation of higher order
modes. If the fringing fields are neglected, the resonant frequency can be determined by
f,=c¢/(2b ﬁ:) , even though, the fields associated with the fringing capacitance of
each slot invariably cause the effective distance between the radiating edges to be slightly
larger than the actual separation distance b. To compensate for this phenomena, a filling
factor g, shown in Eq. 5.2 is incorporated which correlates the measured resonance to the
calculated resonance and is typically in the range of 0.48%  <b < 0.492 .
¢ c

£ = g—=
ro qzb,ﬁ; (

(9.
3%
f

The input resonant resistance, R;,,, shown in Eq. 5.3 is determined from the admittance of
each slot [82] and is approximately 120 ohms for a rectangular patch whose radiating
edges are half the free-space wavelength separated by half of the guided wavelength in the

substrate,

R. = ) (5.3)

While the above model provides an easy analog to circuit theory, this approach
neglects some basic physical parameters which limit its accuracy. Some of these disadvan-
tages include the restriction to patches with rectangular shapes, empirical determination of
the fringing factor g. exclusion of the feeding mechanism as well as possible field varia-

tions along the radiating edge.
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5.2.2 Modal-Expansicn Cavity Medel

A different approach that inheritly accounts for some of these physical phenomena is
based on the modal expansion model. The resonant resistance is derived from the radiation
and capacitance of the patch for a cavity medel having deominant TM, modes and
describes the radiation resistance in terms of the substrate thickness and feed point loca-
tion. For edge fed antennas, the resistance is typically varies between 100 and 200 ohm for
length/width (a/b) ratios of 2:1 with edge fed antennas. In thin substrates this dependance
has the strongest impact since the radiation resistance behaves as cos2 (my O‘) /b and rap-
idly changes when the slot width is very small. For patches with inset feeds, the resonant
resistance is given by Eq. 5.4 indicating the cosine square variation between the two radi-

ating slots,

ny
_. € 2 0 N
Rrad = RfﬂdCOs (T). (5.4}

The reader is referred to [73], [83] for a more thorough treatment of the modal expansion
model,

Finally, the shape and parasitic effects of the resonator as well as multilayer and array
configurations can be evaluated using sophisticated full-wave analysis technigues.
Although a detailed discussion is not presenied here, these are based on method of
morments, finite difference time domain (FDTD), finite element, etc. and provide very
accurate analysis techniques for high frequency designs [74]. The following books [75-771
offer comprehensive discussions and extended references on microstrip design and analy-
sis while a variety of full-wave methods are summarized in Pozar’s book on Microstrip

Antenna Design {80].
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5.3 ANTENNA CHARACTERIZATION

The design approach taken here represents one of a variety of schemes to reduce the
dielectric constant of a known substrate and is based on localized lateral removal of mate-
rial underneath the patch using micromachining techniques. Initially, a low frequency
microwave model is implemented and analyzed to refine the circuit design. Next, the cor-
rected circuit design is scaled to the appropriate high frequency design and realized using
micromachining techniques. Lastly, the antenna performance is evaluated for input imped-

ance and radiation patterns.

5.3.1 Low Frequency Antenna Design

A low frequency version is first designed using the program PCAAD [85] to model the
response of the patch on high and low “effective” dielectric materials. Once determined,
the design is realized in a scaled mode] that replicates the “effectively” reduced dielectric
constant. The design parameters are obtained for this antenna and then scaled to the design
frequency of 20.28 GHz and analyzed using FDTD full-wave method [86].

The rectangular patch in the low frequency scaled model design uses Stycast material
with an effective dielectric constant, €. = 12 and is geometrically similar to the one shown
in Figure 5.2. To reduce the effective dielectric constant underneath the patch, a 50% Sty-
cast - 50% air medium is created which have thicknesses of 6.6 mm each in the patch
region while the microstrip feedline is placed on 13.2 mm: thick Stycast. By reducing the
thickness of the high index material under the patch, the “effective™ dielectric constant is
lowered. The antenna based on the design parameters frorn PCAAD is measured and
experimentally tuned using copper tape to the modetl frequency of 1.075 GHz (Figure 5.3).
Since the radiating edge of the patch has a large impedance, an inset 50 ohm microstrip
line is used to achieve the necessary match between the 50 ohm feed line and the micros-

trip patch.
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(a)

Wieed

W substrate

(b)

?{m

A‘?

Figure 5.2 Mlustration of the micromachined patch antenma configuration. (2) The micromachined
patch configuration where the specific parameters are defined in Figure 2. (b) The area below the
patch shows where the material has been removed laterally to form an air/dielectric cavity,
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Parameter Value(mm)

lfeed 50.88
bpatch 68.26

X 4.76
Weubstrate 153.03
Wpatch 65.09

hy 6.6

by 33

(b)

Figure 5.3 Microwave Model circuit dimensions for the Microstrip Patch Antenna or Stycast,
dielectric constant =12,

Two cases were initially investigated for the feed line; one has the feed on the mixed
dielectric and the other on a continuous dielectric material. The latter was chosen since
any reduction of dielectric constant in the area of the feeding network will increase the
overall dimensions of the feeding circuitry. In addition, while the mixed substrate under

the feedline increases the range of impedances, matching requires an additional trans-
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former 10 match the antenna to the 50 ohm measurement system. By using an inset
microstrip, tuning flexibility exists since the slots can be filled after fabrication to tune the
antenna.

The low frequency model input response is measured on zn HP 8720 Network Ana-
lyzer after a full two-port calibration. An electrical delay is incorporated to establish a ref-
erence plane at the tip of the coaxial probe, then the probe is soldered to the tip of the test

antenna. Figure 5.4 shows the measurement apparatus drawing of the microwave model.

axial to Microstrip
ansition

(&)

(b

Coaxial Microstrip Combination

()

Figure 5.4 Microwave Model Measurement apparatus
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The ground connections required to ensure DC contact between the coaxial cable and the
antenna is achieved via the metallic block and the lower microstrip ground of the antenna.
This grounding arrangement is used for both the air/dielectric substrate and the dielectric
only substrate, Of the two feeding approaches, the continuous dielectric has the best tran-
sition of the electric field from the probe into the substrate and proved to be the most

repeatable arrangement for exciting the microstrip mode (Figure 5.4b and Figure 5.4c¢).
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Figure 5.5 Microwave model results.

The return loss of the patch shown in Figure 5.5 is between the microwave model and
the theoretical results obtained from the finite difference time-domain method (FDTD)
[86]. The high frequency patch design is modelled first on a silicon substrate, then scaled
to the low frequency design and compared to the Stycast model. Since the scaled model
has large dimensions, this requires the generation of an extremely large mesh and conse-

quently large computational times. Therefore the high frequency case is modelled since
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Woatch silicon

Parameter | 100%(immm) 50-50%(mm)}

Yecd 2.692 - 2.692

lpatc‘h 2.019 3.ele /‘
ched 0.286 0286
Wsubstrate | T 8.108
WpﬁtCh 408 3.445
hy | e 0.165
h, 0.355 0.355

Figure 5.6 The diagram is a side view of the patch cross-sectional area and the table shows the circuit
dimensions of the patch antenna shown in Figure 1.

the dimensions are smeziler and the results are then scaled to the low frequency one. The
measured and theoretical results are quite similar except for the 100 MHz shift. This can
be attributed to the resolution lost during the scaling process, choice of discretization size,
and the close placement of the absorbers on the side of the patch. In this case the compari-
son is adequate for some establishing theoretical prediction of the expected high fre-

quency response although in practical applications these issues must addressed.
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5.3.2 High Frequency Antenna Design

3.3.2.a Fabrication Procedures

In the high frequency approach, the 20.28 GHz design is fabricated on a silicon using
micromachining techniques. In Figure 3.6, the silicon is chemically etched away under-
neath the patch antenna to approximately half of the wafer thickness in the lateral direc-
tion to form a mixed dielectric medium of silicon-air. For specific dimensions see the
Table in Figure 5.6 for both the 100% patch and the micromachined one. In this design a
single etch step is required to remove the material from underneath the patch and it fol-
lows similar procedures to those in Chapter 2 for etching a single sided wafer. The metal-
lization of the patch is electroplated to approximately 3.2 microns thickness. The lower
ground plane is achieved by using adhesive copper tape of thickness 25.4 microns. In an
earlier phasc of the experiment, an aluminum sheet was epoxied to the sample however,
the large difference in the thermal coefficient of expansion between the metal and silicon
caused severe warping of the wafer during cool down phase. Therefore copper tape
methed is used as the ground plane and this antenna is ther mounted on the thicker metal

ground plane of the test fixture.

3.3.2.b Antenna Performance: Return Loss and Capacitor Modei

The antenna is first evaluated on the probe station to determine the resonance of the
patch. Measurements in the 10 to 40 GHz range are taken using computer controlied HP
8510 Network Analyzer, Alessi Probe Station, and Cascade Microtech coplanar
waveguide probes. An SOLT calibration is employed to the establish the reference plane
between the probe and feedline. Since the DUT is a radiating element, the MICroscope
present in the measurement set-up was moved and found to have negligible effects on the
resonance. In this design, the transition requires launching of the fields into the microstrip

patch via coplanar waveguide (see Figure 5.7), therefore via trenches are used to connect
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CPW Microstrip Transition
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Figure 5.7 Transition from cpw to microstrip. (a) Top view of CPW transiticn to microstrip. (b) Field
distribution between two planar circuits.
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the ground plane of the CPW to the microstrip line. In order to obtain a good transition,
the vias must be secured to a lower metal wafer with silver epoxy to ensure conversion
from the cpw mode to the microstrip mode with minimal excitation of higher order modes.

Without this procedure, the response is very noisy and the loss due to the conversion of the

two field distributions is very high.
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Frequency [GHz]

Figure 5.8 Measured results for the patch antenna on conventional 100% silicon and 56-50% silicon-
air substrate.

Measured results are shown Figure 5.8 for the 20 GHz patch on silicon substrate and
on the micromachined substrate. This indicates that the patch implemented on the unal-
tered high index material shows the effects of the higher order modes in addition to the

slight excitation of surface waves observed in the non-symmetric response at 20.4 GHz.
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Figure 5.9 The Smith Chart iliustrates the improved bandwidth between the micromachined antenna
and the conventional one.

For the patch design on the reduced “effective” dielectric constant, the resonant frequency
is 20.8 GHz and shows more symmetry indicating that the power lost to substrate modes
are reduced. At the upper frequency, the previously observed higher order mode has been
shifted out of the measurement range and the bandwidth of the micromachined antenna at
-10 dB return loss increases from 2.9% on the regular substrate to 5% on the cored one.

Bandwidih is inversely proportional to the The quality factor, Q, is defined as the ratio of
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total stored energy in the antenna to the energy dissipated or radiated per cycle, and is
inversely proportioral to the bandwidth, BW. From the Smith Chart plot shown in Figure

5.9 the Q decreases since the BW is increases for the etched antenna.
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Figure 5.10 Plot of the effective dielectric constant for mixed substrates.

To predict the effective dielectric constant of a rnixed substrate medium, a quasi-static
model based on series capacitors can be derived. The derivation of the approach is
described in APPENDIX D. In Figure 5.10, the piot shows the behavior of the effective
dielectric constant, which is proportional to the capacitance of the patch,

ersoA

C = —— , where € = E.E,. (5.3)




Figure 5.11 The patch antenna and equivalent circuit model used in the capacitor model. C¢ is the
fringing capacitance, C;, is the substrate capacitance, C,;_ is the capacitance due to the air, t is the
total distance between the plates, x,; is the height of the air region, L is the resonant length of the
antenna and AL is the open end effect extension length.

Derivation from the capacitance model yields the following results for the determination

of the effective dielectric constant.

total d )
€ . = - — and 5.6)
eff = X (
[3]
C e,
totak . f |
Eoppr = . = € cub (;+2A1——«— , Where (5.7)

) 8air, sub
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Ef _ E‘,“t-i- (ari - 81’2“ tair
Eair, sith Srlt + (Srl - grz) [1‘
(5.8)
_ €r1€r2t
8air, sub —

gyt (Erl - E’rzt) Lair

The variables are shown in Figure 5.11 and g,;, o, represents the €, in the mixed substrate
region and & is for the fields in the extension length region. When the thickness of the
fringing field region and air region are the same, the effective dieleciric constant simplifies
to the case of the £, case. Therefore, when the fringing fields of the antenna radiate
into the same dielectric composition that is under the patch, the effective dielectric is inde-
pendent of the extension length.

The function is bounded by the presence of a continuous dielectric medium of silicon
(g;=11.7) and air (g,=1) case. When the extension length due to fringing fields is included,
the lower limit for the effective dielectric constant increases to 2 mainly due to the contri-
bution of the high index substrate. A FDTD mocdel for a thru line on a 50% mixed sub-
strate of silicon and air predicts a value of 3.1 while computed effective dielectric constant
from measured response of the micromachined antenna is 3.4. Therefore, this simple
model with the open end effects can predict the expected dielectric constant within

approximately 15%, while the full-wave prediction is approximately 8.8%.

5.3.2.c Antenna Performance: Pattern Measurements

Pattern measurements' are obtained for the micromachined patch antenna using OS-
50 coaxial connector in the fixture design illustrated in Figure 5.12 and is then mounted
on a pedestal that has horizontal rotation only. Since the E-field of the horn antenna points
vertically, the H-Plane pattern is obtained by rotating the patch in the horizontal direction.

To cbtain the E-plane pattern, both transmit and receive antennas must be rotated by 90

1. Measurements were taken at NASA Lewis Research Center in the Low Frequency
Antenna Laboratory. See the Appendix for a description of the system set-up.



Figure 5.12 Test Fixture apparatus for the pattern measurements.

degrees and similar rotation: is used to obtain the field pattern. In this case the rotation
angle is actually in the direction of the antenna’s feedline. In Figure 5.13, the H-plane pat-
tern is very symmetric for this antenna since the feedline is in normal to the direction of
rotation. On the other hand. the E-plane pattern has a ripple at boreside due to the presence
of the feedline in the direction of retation. To reduce the effects of the radiating feed and

the coupling from the coaxial connector, absorber is placed over the input line.

5.4 SUMMARY AND FUTURE WORK

Microstrip antennas have been successful developed using micromachining tech-
miques, which produces a reduced effective dielectric constant underneath the patch. The
development has been approached from a low frequency scaled model design and the high
frequency micromachined one. The low frequency design has been scaled and modelled
using finite difference time domain methods to predict the high frequency response. The
resolution chosen for the mesh discretization can have a strong impact on accurate predic-
tions of the resonant frequency for the antenna elements since the placement of the feed-
line point inside the patch is critical. The distance between two radiating edges has an

impedance variation of cosine squared and it may be difficult to locate the impedance that
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Figure 5.13 Radiation Pattern of the Micromachined antenna.

matches the feed in the model without finer mesh definition. Even though the FDTD is a
flexible analysis option for this type of open radiating structure, an enormous amount of
computational memory allocation is required.

Two versions of the high frequency design were implemented, one on the unaltered
high dielectric material and the other on the etched substrate. A plot and Smith Chart of

the return loss are shown for the two antennas and indicates impedance bandwidth
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mmprovement due to the presence of the air/dielectric cavity. The larger bandwidth reflecis
an increase in the radiated power between the etched antenna compared to the conven-
tional one.

In the future, to clarify and develop an understanding of the mechanisms that affect
antenna performance, gain or efficiency measurements must be obtained. Surface wave
excitation i$ a common problem in many high dielectric constant materials and their pres-
ence is best determined though measurements based on power consumption. Recently sev-
eral approaches have been taken to illustrate the impact of surface wave excitation on
laminate substrates such as durcid and gallium arsenide substrates [78-79]. Since the
amount of radiated power is indicated through gain or efficiency measurements, this will
provides true measure of the amount of surface wave reduction that occurs using this

micromachining approach.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 CONCLUSIONS

An experimental approach to packaging for high frequency circuit applications has
been presented that concentrates on the development and characterization of a novel con-
cept for planar circuit self-packaging using micromachining techniques. The motivation
for this work is in response to the shortage of adequate packaging design rules and
schemes available for high frequency circuit design. Various design and analysis tools are
readily available and have been used in conjunction with state of the art processing tech-
niques from the MEMs community to realize this package using silicon micromachining
techniques. As a result, a variety of novel geometries that inhibit unwanted mechanisms
common to planar transmission lines have been realized based on this monolithic self-
package topology.

The main contribution of this work is the development and extensive characterization
of this monolithic micromachined package or micropackage. The treatment of the concept
is divided into two main parts, “in-line” and “conformal” packaging. The first one,
referred to as “in-line” package, provides metallic shielding that surrounds a coplanar
waveguide based transmission line in the upper and lower half-space. This cross-section is
extended in one direction longitudinally to accommodate a variety of basic circuit designs
such as the through line, series tuning stubs, and filters. The second, or conformal pack-

age, is based on the aforementioned cross-sectional topology and is then extended in a
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non-linear way to follow the direction of the line or to accommodate multiple input paths.
In the specific case of the conformal micropackage, two designs have been used as illus-
trations of a cross-tee junction and right angle bend: (1) a detector mounting structure and
(2) a double right angle bend. The introduction of a packaging approach through the use of
micromachining techniques has provided improvement to circuit performance in three
main areas. First, substrate mode excitation has been minimized and in some cases elimi-
nated through direct connection between the outer shielding ground and the upper planar
one. Second, parasitic radiation that enhances mutual coupling between circuits has been
eliminated through the incorporation of the shield. Third, package resonances have been
controlled through the design of the shielding topology and exist outside of the frequency
of operation.

The concept of micromachining has been extended to include planar antenna problems
where a microstrip patch antenna has been investigated. Since surface waves, a form of
substrate mode, can have serious impact on the performance of the antenna element, espe-
cially in the presence of high index materials, laterai removal of the substrate has been
done to reduce the effective dielectric constant of the antenna. Radiation from the element
is increased causing a wider bandwidth. The result of the above findings suggest a poten-
tially viable use for this technology toward solving important antenna related problems

In summary. this dissertation has presented a novel concept for high frequency pack-
aging based on micromachining techniques which have also been extended to address pla-
nar antenna related problems. Since it offers one approach for the monolithic inclusion of
packages to microwave or millimeter wave circuit designs, the findings thus far provide
encouraging results and merit further study and evaluation. There are many possible
extensions of this work to address problems in the high frequency circuit design area,

therefore the next section will highlight several distinct areas for future work.



6.2 FUTURE WORK

Three areas will be discussed in the following sections that will expand the current
knowledge base on the use of micromachining techniques to high frequency applications.
First, there are a number of processing technologies that can be employed to realize more
complex and precisely defined packages. Second, package characterization can be
extended to evaluate other planar lines such as stripline technoiogy. Finally several appli-
cations will be described that illustrate extensions of this packaging concept to hermetic

packages, array problems and vertical integration.

6.2.1 Fabrication Alternatives

The successful development and capability to manufacture micromachined packages
will require the establishment of general process recipes that aid in the reproduction of a
desired geometry. Thus far the micromachined cavity development has been based solely
on standard batch processing and wet etching techniques. Moreover, the assembly of the
circuit is based on adhesions methods that may be removable such as photoresist or per-
manent such as silver conducting epoxy. In order to make this approach viable for pracii-
cal commercial applications, refinement of the geometry fabrication process and circuit
assembly is required.

In the immediate future, a variety of wet and dry etching techniques should be
explored to determine dimensional control, reproducibility of specific geometries, and sur-
face roughness profiles. Although EDP has been used extensively for bulk silicon
removal, the surface finish may not be appropriate for designs requiring shallow etched
depths. Therefore, alternative methods such as KOH-based solutions may be required to
achieve better etch depth control and surface smoothness. The utilization of mixed etching
processes, consisting of two or more different etching methods, may offer an optimum
solution for achieving geometry replication. For the topologies realized herein, the upper

cavities have been etched from both sides to depths comparable to half of the wafer thick-




127

ness such that EDP-based chemical solutions were adequate. On the other hand, as the
depth of the cavity is reduced to one fifth or less of the wafer thickness, a slower more
controlled etchant such as KOH may be preferred to ichieved the desired results. Dry
etching techniques may be explored in addition since they offer very accurate image trans-
fer. Some consideration should be given, however, to appropriate metallization technigques
employed to cover nearly vertical sidewalls of the cavity. Other wet etching solution, such
as tetramethy! ammonium hydroxide and water (TMAHW) [88] and aqueous amine gal-
late solutions [89], may offer better options for processes based on lower chemical toxicity
and waste related issues. Finally, once these various etching options have been investi-
gated on a variety of geometries, the results should be compiled into a design rule data-
base that can be readily accessibie as a design tool.

Circuit assembly is a ciitical issue to address for the successful integration of this
packaging concept into existing designs since many systems are used in space and air-
borne applications that require rigorous space and flight qualification tests. At this time the
assembly of the package relies on a human interface for the alignment and adhesion of the
multiple wafers. Precise alignment methods for package mounting should be explored fur-
ther to introduce minimum alignment errors while providing casy solutions for extension
nto automated procedures. Since the adhesion techniques must be permanent in practical
designs, several methods can be investigated which include electrobonding, soldering, in
addition to the presently used conducting silver epoxy. Successfui inclusion of these mod-
ifications to the self-packaged circuit will increase consideration of this approach with

existing MMIC designs that are currently being produced in industrial settings.

6.2.2 Extensions to the Micromachined Package Characterization

The self-packaged circuits presented herein are based on coplanar waveguide planar
transmission lines that are supported by dielectric materials. This topology serves as the

protocol for the micropackaged circuit that has been fabricated using micromachining
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technigues. Since the development of this topology, filier designs at W-band [8] have been
realized using this packaging concept and membrane-supported microstrip technology.
There are three possible configurations that provide the maximum amount of information
regarding packaging effects. These are based on the following dielectric combinations for
the transmission media of the planar line configuration: (1) air only, (2) air/substrate media
and (3) substrate only. Presently in the area of micromachined high frequency circuits, the
concept of packaging has been applied to two of the three possible cases, the air dielectric
media and the partially filled substrate package. In the air filled case, the conducting line is
suspended on the a thin membrane while the partially filled dielectric media presented
herein, has the conducting lines are supported on a dielectric substrate.

The last package configuration that requires investigation is the entirely filled substrate
geometry that resembles stripline technology. The losses associated with this homogenous
media can be evaluated to provide data on the of conductor and dielectric loss mecha-
nisms. Using measured data, the performance of a line in this configuration, along with
one in dielectric-free packaged circuits will establish an upper and lower limit for the pla-
nar line loss. Coincidentally, the number of planar line geometries that have been realized
in this packaging concept will expand and thereby provide a more complete template of
standard planar line geometries realized in dielectric, mixed dielectric, and dielectric-free

media.

6.2.3 Applications

Even though there are a number of areas in which micromachining techniques can be
employed to improve high frequency circuit performance, a couple will be highlighted
next to illustrate the flexibility and usefulness of this technology. Two areas are related to
packaging and antenna applications. Within the packaging arena, a vast number of
arrangements can be made to incorporate a hermetic micropackage into standard MMIC

technology. Hermetic package designs independent of a specific circuit elements and can
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be constructed exclusively in silicon-based substrates. A hybrid approach to package for-
mation can also be based on schemes utilizing a combination of compatible materials to
form the package. Electrically the hermetic micropackage may include the appropriate dc
bias and RF lines that are required to feed a conventional MMIC circuit as well as serve as
a mount for the specific circuit. In this approach the potential for mass production using
batch processing techniques can result in a cost-efficient methods that yield high volume
output since the material costs are very low and the manufacturing technology is casily
adaptable to existing ones. In addition to cases where partial shielding is required to
accommodate design requirements of a MMIC circuits, silicon micromachining tech-
niques can be used to fabricate specific sections of a package configuration.

For antenna applications, large arrays are used to achieve the desired gain and fre-
quency selectivity in many system design requirements. While mobile communication
systems depend heavily on reliable transmit and receive capability, it is equaliy important
to reduce the size and volume of antenna elements in order to decrease the cost associated
with transporting and manufacturing this electronic equipment. Micromachining tech-
niques can be used in the development of novel array configurations that offer compact
circuit design through the simuitaneous integration of the planar circuits and antenna cle-
ments. The electronic circuitry will be isolated as a result of the shielding package from
¢xtraneous propagating signals and the antenna will be isolated from feedline radiation.
Finally, the radiation pattern of the antenna element should show improvements as a result
of increased available power due to reduced parasitics aided through the incorporation of

the self-package.
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APPENDIX A

FABRICATION OF MICROMA CHINED CIRCUITS

A.1 Upper Shielded Circuits

In this section a discussion is presented regarding the fabrication of the first generation
of upper shielded cavities based on the single strip layout. In this design, a two step pro-
cess was employed to provide separation of the column of cavities from the larger sub-
strate and the desired cavity depth. The process is based on photelithographic,
evaporation, and anisotropic techniques. The following steps are the procedures used to
fabricate the first monolithic upper cavity wafer and is based on a two-step etching pro-

cess. The masking layers used consist of the trilayer dielectric (5105/813N4/S10,) with

thickness of 7500/3500/4000 A shown in Figure A.1.

I.

b2

Clean the wafers using ACE/IPA solvent solutions followed by a dehy-

drate bake to remove the solvents from the surface.

. Protect ore side of the wafer with a thick resist (PR 1375) prior to pat-

terning the wafer.

Transfer the pattern using photolithographic techniques (PR 1375 also

known as 1400-37) and develop using MF351 developing solution.

Remove the upper oxide layer using BHF and the middle nitride layer

since a plasma etching using CF,4:05 (20:0.5).

Clean the sample and repattern to protect the cavity regions and while

the remaining grooves are left unprotected.

Remove last layer of oxide all open regions using the BHF and clean the

sampie prior to the etch.
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Figure A.1 {(a) Top View of the cavity wafer layer scheme. (b) The removal of the oxide and nitride
dielectrics to fransfer the mask pattern onto the wafer. {c) Lower oxide removed from the trench
regions while the oxide remains in the cavity region.
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7. Heat the KOH solution consisting of KOH pellets and DI H20
(300g:300ml) te 58° C with a spin speed of 4000 rpm.

8. Place the sample in the etch until 80 microns have been removed.

9. Clean the sample as in Step 1, and perform an oxide etch in the BHF to
remove the later oxide in the cavity regions {see Figure A.2). This will
also remove the oxide on the outer surface of the entire wafer, however,
the nitride is resilient to this etch and serves as the remaining outer

masking layer.

10. Clean the sample, and return it to the KOH bath to etch the cavity to
the desired depth. The depth is monitored using a calibrated micro-
scope along with etch rulers! that have been included for proximity

depths.

L. Etch rulers are rectangular sections that correspond to a desired etch depth and
provide a calibration parameter for determining the amount of material removed from the cavity
regions,
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Figure A.2 (a} Top view of a section of the upper cavity wafer where the shaded sections correspond to
the cavity and trench regions labeled. (b) The etch profile for the trench region, partly through the
wafer. (¢} The etched region completely through the wafer with the cavity region etch to the desired
depth.



This process provides an alternative for achieving thick metallizat

135

APPENDIX B

BILAYER METALLIZATION PROCESS

plating techniques.

i

Spin clean using ACE/IPA at 3.5 krpm. Then dehydrate bake for 15

minutes at 90°,

. Apply HMDS then photoresist Shipley 1818 (replaced Shipley 13507) at

3.5krpm for 30 seconds. Prebake for 35 minutes at 100 °C.

. Align and expose for 20 seconds at 10 mW/cm?.
. Evaporate a very thin layer (65-80 A} of aluminum.

. Air-spin the sample at 5 krpm to remove any particulates. Next apply

the HMDS at 3.5 kprm then the Shipley 1818 photoresist at 4 krpm for
30 seconds each. Bake the resist for 30 minutes at 90°C as the prebake

step.

Pattern and align the wafer for 20 second exposure at 10 mW/em? then
develop in MF 351 for 1:45 plus and addition (:45 seconds to achieve

undercut. Postbake the patterned sample for 15 minutes at 100°C.

Prior to evaporating, descum the wafer surface to remove any residual

resist on the surface of the wafer.

Evaperate desired metal system. Different metal systems can be
achieved to fulfill this requirement such as chromium/aluminum/gold
(Cr/Al/Au) for thickness of 350A/18kA/6kA. Soak the samples in ace-

tone overnight for lift-off.

ion without using
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APPENDIX C

DERIVATION OF SYSTEM RESPONSIVITY

In this section a discussion is presented on the derivation of the responsivity of two
shunted dicdes in a detector circuit. The results of this derivation are shown in Chapter 4

of this thesis. The circuit diagram for the detector circuit is shown in Figure C.1. The sys-

Y, ?

° MN T LPF [~
St RFC = Gy 3
. | |
(a)

(b

Figure C.1 General design scheme for a detector circuit, where MN is the matching network, LPFis 2
towpass filter, RFC is the RF choke, and CB is the blocking capacitor. (b) The diode equivalent circuit.

ten responsivity is defined as the product of the intrinsic voltage sensitivity, §,, RF effi-

ciency, Yep and the LF efficiency, ¥
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= BV"YRFQ’YLF (C.1)

The intrinsic responstvity is based on the measured DC parameters of the diode and

can be computed using the following expression [71],

0.5R,
B, = LV/W,  (C2)
Y /nkT R, R. .
ﬁ——-](RvﬂLRL) (““’”J (1 +-=i)+ (21fC) R R,
qu_] Vi R_] b RL 1 J

where the R;, and R; are series resistance and junction resistance, Ry (=Rg + R;) is the
video resistance, Cj is the junction capacitance, and Ry is the load impedance. Junction
parameters, R; and C;, are dependent on the bias current, I,

The RF efficiency is based on the equivalent circuit model shown in Figure C.2. The
equations for the responsivity are given where the responsivity is defined as the voltage
across the diode to the power received at the circuit terminals. The RF efficiency is defined

as the ratio of power received at the diode terminals to the incident power to the circuit.

= G 27 p

Figure C.2 Equivalent circuit the detector circnit for a single diode clements.

Therefore, the efficiency is determined from the ratio of powers
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Re (Py)

e = o5
Re in)

(C.3)

where, Py; is the power at the diode junction and Py, is the incident power. This results in

>
Re(Z,;) |Z. [”
_ ) {~in| i
Yep = YN - 2,vshefe (C.4)
in |Zdj+Rs!
R,
Zy = sl (C.4.2)
! 1+j(onRj '

(C.4.b)

Ty 20C 7, (4

The circuit elements are the junction resistance, Rj__ and series resistance, R, junction

capacitance, C;, parasitic capacitance, Cp, and the lowpass filter, Zy p. response in the mea-
sured circuit.

The iow frequency efficiency, v, p is defined as the ratio of the voltage detected across

the joad to the voltage detected across the junction of the diode. Lastly, this expression

[90] 1s given as

R

‘YLF = f 2 ) ‘)‘ (C.S)
JRUFR R+ (R +R) (R C 2mf)”
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APPENDIX D

EFFECTIVE DIELECTRIC CONSTANT
DETERMINATION BASED ON A CAPACITOR
MODEL FOR MIXED SUBSTRATES

Consider a parallel plate having dimensions corresponding to the width (w) and
length(i) of a patch antenna on an etched substrate (Figure .1). The total capacitance can
be evaluated as two series capacitors based on the substrate and air region.

eff
Coom =~ (D.1)

b Fringing Fields
e rach
Silicon Substrate

1 Air

Figure D.1 Micromachined Patch Antenna used in the capacitor model.

In the two-dimensional cross section, there are two cases to evaluate. The first case is a
model based on series capacitor under the metal plates that correspond to the amount of

silicon and air in the patch region. Since the patch is a resonator, there is an additional
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length added to the radiating edges to account for open end effects. The second case con-
siders the open end effects radiating into the continuous silicon substrate region. The addi-
tional parasitic capacitance is included as a pair of shunted capacitance as shown in Figure

D.2.

{b) Mixed Substrate with Fringing Fields.

Figure D.2 The patch antenna and equivalent circuit model used in the capacitor model. Cp is the
fringing capacitance, Cg, is the substrate capacitance, C,;, is the capacitance due to the air, t is the
total distance between the plates, x;, is the height of the air region, L is the resonant length of the
antenna and AL is the open end effect extension length.

The equivalent circuit in Figure D.2 (a) produces a pair of series capacitors that have
an area of [w by (1+2AD)] and thicknesses Xu; and tgiejecnic = X4 COresponding to air

and dielectric thicknesses, respectively. The total capacitance can be computed based on
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the following derivation. Begin with the total capacitance given by C=C,;, and C,=C;,_

strate- 1he total capacitance, Cy,;,. 1s determined from

1 I I 1 I
= -+ e A
C,. ¢ ¢

total Csub air

(D.2)

This simplifies to a total or normalized capacitance of C or C respectively,

total total”®

grl erZAEO

C .=
tota:
e t+ (€, €)X,

C

= total
C = =
total
A g t+ (g, €

(D.3)
£1EAg

10 %y

To determine the effective dielectric constant, £ off?

’ S
total f
Eopr = =g [l + 2Al )

air, sub €
¢ air, sub

& g t+ (g —€,t)t

(D4)

air

air, sub 8”'{ + (Srl - Sr?;) tf

€€t

€ . =
air, sub -
Erlt-ﬁp= (eri Sr?.t) tair

When the thickness of the fringing field and air thickness are the same, the effective

dielectric constant simplifies to the case of the € , case. Therefore, when the fringing

air, su
fields of the antenna radiate into the same dielectric composition that is under the patch,
the effective dielectric is independent of the extension length.

A similar approach can be taken for Case 2 where the fringing fields are included. The

total capacitance is now represented by
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i 1 1
= + (0.5}
CtotaE Cpa&ch chringe
Cmtaf = Cpatch+ch'ringe’wnere (D.6)
g A .. A
patch® “pateh fringe” “fringe
Ctotal = t +2 t —. (D7

The area for the fringing capacitance is defined by the length Al and width w, where Al is

defined by the open-end effect expressions [91],

W .
2 +0.262
g +03
%.1 = ().4];2( i 0258) h X (D.8)
Ere ~ Y ;g+o,813

The remaining parameters are computed using the following expressicns for the patch
area based on the length, 1, and width, w, and the fringing capacitance area of length, Al
and width, w.

€ €A £

r2° “patch™{ .
Pacch ™ e 4 (e —g )t D.9)
1] r2 ri’ 71

£ AL. €
C _ r2° “fringe 0. (D,IO)

g o
fringe
= t

The final result is the effective dielectric constant based on the total capacitance and the

plate area, Ay, A plot of the result can be found in Chapter 5 of this thesis.

Cmtalt

£ =
eff A

(D.1DH

total
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ABSTRACT

THE DEVELOPMENT AND CHARACTERIZATION

OF SELF PACKAGES USING MICROMACHINING

TECHNIQUES FOR HIGH FREQUENCY CIRCUIT
APPLICATIONS

by
Rhonda Franklin Drayton

Chairperson: Linda P. B, Katehi

The development and characterization of micromachined self-packages for high fre-
quency circuit applications is presented. Micromachining technigues are explored to
develop packages for microwave circuits based on coplanar waveguide transmission lines.
Half and completely shielded package topologies are realized as self-packaged tuning
stubs elements and filters to demonstrate the capability of micromachining a microwave
circuit design. The concept is extended to develop the first generation conformai package
that follows the direction of an individual line path and provide multiple input access at a
cross-junction to a specific line path. Lastly, micromachining is used in a microstrip patch
antenna to locally reduce the dielectric constant while the feeding line is maintained on the
high index material.

The package and circuit are fabricated in high and low resistivity silicon substrates,
respectively, using standard photolithographic and lift-off processing techniques for pat-
tern definition. Evaporation and electro-plating processes are used for metallization, and

wet-chemical anisotropic etching processes are used for cavity formation. The planar




transmission line circuits are typically printed on a polished surface of a high resistivity
silicon wafer. Lower shielding cavity formation occurs by anisotropically removing sili-
con material to torm the sidewalls of the lower substrate-filled cavity while the upper air-
filled cavity is formed by etching the actual cavity into low resistivity silicon using similar
processes. Both surfaces are metallized, then the upper cavity is mounted over the circuits
to form the completely shielded or self-packaged configuration. This simple two-dimen-
sional shielding geometry extends in either a straight path, referred to as “in-iine”, or into
bending paths, referred to as “conformai”,

Passive circuit designs implemented in micromachined self-packages are experimen-
tally characterized to evaluate the effect of this monotithic shielding on the reduction of
parasitic radiation, substrate mede excitation, and package resonances. The “in-line” and
“conformal” self-packaged designs are characterized using on-wafer probing techniques
from 2 to 40 GHz. Basic microwave components such as series open/short tuning stubs,
stepped impedance filters, and right angle bends are evaluated since these represent stan-
dard clements to many high frequency designs such as filters, switches, couplers, RF
chokes, and phase shifters. The main contribution of this work is the characterization of 2
monolithically integrated micromachined package to planar circuits that offers reduced
parasitic radiation as a result of the shielding topology. Poor performance due to the exci-
tation of parallel plate modes in grounded coplanar waveguide circuits is eliminated with
to the incorporation of the lower shielding cavity. In antenna problems, this technique has
been used to locally reduce the dielectric constant of the antenna while maintaining the
feeding line on the high index material. This micromachining approach impacts HF pack-
aging designs, complex circuit designs with RF circuitry and radiating elements, as well as

vertical and horizontal circuit integration at microwave and millimeter wave frequencies.




