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ABSTRACT

FLEXIBLE, COMPACT, AND HIGH-POWER-COMPATIBLE PACKAGING OF
MICROWAVE AND MILLIMETER-WAVE ELECTRONICS

By
Xenofon Konstantinou

This dissertation demonstrates packaging strategies for microwave and millimeter-wave (mm-
wave) system integration, realized via additive manufacturing (AM), and specifically aerosol jet
printing (AJP), that are mm-wave-capable, flexible, and compatible with high-power applications.
These strategies build upon the concept of chip-first packaging that has been previously demon-
strated via AJP. Such packaging approaches address the limitations of conventional systems-on-
package (SoP)/systems-in-package (SiP) strategies and aim for heterogeneous integration and high
functional density. The final SiP/SoP strategy demonstrated in this dissertation achieves improved
performance comparing to previously demonstrated packages and interconnects via AM, and ad-
ditionally demonstrates more material flexibility, improved interconnect reliability, incorporation
of diamond platforms as heatsinks for high-power operation, and high-power performance.

The first step in the dissertation is to explore the high-power and temperature capabilities of
diamond via basic high-power RF devices. Then, the compatibility of diamond and AJP is inves-
tigated by realizing RF components printed on diamond dielectric substrates. Thereafter, the state
of the art in additively manufactured interconnects and components is advanced via the demon-
stration of compact resonant structures at mm-wave, ultra-wideband mm-wave interconnects on
non-planar structures, as well as components at near-THz frequencies, all manufactured fully via
AJP. Then, AJP-enabled SiP/SoP packaging strategies for mm-wave system integration are laid
out and then used for the realization of RF front-end modules. Finally, these strategies are adapted
to incorporate diamond platforms, with the final packages demonstrating high RF power perfor-

mance.
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CHAPTER 1

INTRODUCTION

In recent years, the demand for high-frequency electronics has been increasing steadily without any
indication it will come to an end. These electronics at microwave and millimeter-wave (mm-wave)
frequencies have applications with significant impact on human societies and their growth poten-
tial. Wireless communications for 5G and beyond, wearable electronics, high-data-rate digital
electronics, high-precision remote sensing, and imaging for either automotive or medical appli-
cations are high-impact areas that need such electronics. Specifically, mm-wave frequencies have
attracted interest for imaging applications as they can yield, compared to infrared and optical imag-
ing, higher resolution and smaller modules [10], as well as for mobile communications due to the
large bandwidth available at these frequencies [11]. Furthermore, there is a recent trend for digital
and analog design to significantly coincide as data rates have been increasing. Even though, tra-
ditionally, digital and RF packaging have utilized different approaches, high-speed digital circuits
entail a rising number of signal integrity concerns [12], rendering very high-frequency RF design
more and more relevant to digital.

System integration for electronics at mm-wave that satisfies the requirements for the afore-
mentioned applications, without introducing performance bottlenecks, entails cost-effective pack-
aging methodologies that will achieve low-loss and broadband interconnects while enabling high
functional density and heterogeneous integration (defined in this dissertation as the in-package si-
multaneous integration of different semiconductor technologies, such as Si, III-V semiconductors,
ceramics, etc.). The requirement for effective thermal management comes inherently with in-
creased functional density as integrate circuits (ICs) come closer to each other. Moreover, the use
of mm-wave frequencies for wireless communications means high-power amplifier dies will need
to be alongside other ICs in compact modules, thus packaging strategies must allow for effective

heat dissipation to alleviate thermal stress of ICs.



1.1 Current Electronics Packaging Concepts

1.1.1 State-of-the-Art in Conventional Packaging

Packaging is a crucial part of system integration for semiconductor technologies, and packag-
ing techniques have been evolving alongside circuits to satisfy rapidly changing needs, be it per-
formance, shelf life, or robustness. Despite the continuous efforts for improvement, packaging
oftentimes introduces performance bottlenecks that limit the applications of contemporary elec-
tronics. There have been plenty of developments in the packaging domain towards strategies that
will accommodate the need for high-speed, broadband circuits while, at the same time, increasing
functional density, i.e. including more functional system bits or blocks in a smaller area.

The advent of the System-on-Chip (SoC) strategy was a significant step towards this direc-
tion. The idea entails an entire system, comprised of smaller, pre-designed and verified functional
blocks, realized on a single semiconductor platform [13]. This concept has been used in digital
applications, as demonstrated in [14] and [15], but also for microwave, mm-wave, and near-THz
electronics. Mm-wave SoCs with integrated antennas for radar sensors at 122 and 245 GHz were
discussed in [16]. SoCs for near-THz modules for deep-space communications were discussed
in [17]. In [18], a SoC receiver for mm-wave passive imaging at 77 GHz was demonstrated. Nev-
ertheless, since the SoC concept realizes the entire system on a single semiconductor platform,
this strategy is limited to one semiconductor at a time, usually defined by the most demanding
smaller block. In a complex system comprised of multiple low- and high-frequency, and low- and
high-power components, a packaging strategy compatible with heterogeneous integration would
allow to design the high-frequency components on InP or GaAs, the high-power components on
GaN, and the low-frequency components on cheaper semiconductors such as Si. SoC does not sup-
port that, and its material inflexibility introduces design limitations and can significantly increase
manufacturing costs.

The concept of the system-in-package (SiP) arrived as an effort to address challenges faced by

SoCs and to increase functional density. This concept also targets to further integrate analog and
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Figure 1.1: Typical SoC packaging concept.

digital circuits [19]. The predominant definition in the literature is a broad one, with the basic idea
being to employ dielectric carriers and replace the lead frame (i.e. the in-package metal structures
connecting the die to the outside world). These are usually either semiconductor carriers or highly
dense ceramic/organic/laminate carriers [20]. People following the first approach have mostly used
Si, as in [21-24], but in certain cases other materials such as polyimide (PI) [25,26], or combina-
tion of benzocyclobutene (BCB) and Si [27,28]. In the second approach, a very popular carrier
choice are the Low-Temperature Co-fired Ceramic (LTCC) substrates, as demonstrated in [29-31].
A wide variety of organics has been also used, such as in [32,33]. A very popular laminate used in
SiP applications is Liquid Crystal Polymer (LCP) [34-37] due to its low cost and low-loss charac-
teristics. Other laminates have been used, as well, depending on the application [38,39]. Both SiP
approaches have been evolving towards 3D implementations, in an effort to further increase func-
tional density and improve performance with shorter interconnects, and towards including passive
components in-package, as demonstrated in [29].

A more recent term is the System-on-Package (SoP), introduced in [40], which assumes a
narrow definition for SiP as "the vertical stacking of similar or dissimilar ICs", or as "a multi-
dimensional approach" [41]. This allows room for SoP to emphasize on the integration of various
non-IC components in-package, alongside the ICs, such as resistors, capacitors, or antennas. Quite
often, however, SiP and SoP are used interchangeably (as in this dissertation). Definitions aside, the
evolution of these strategies aims to increase functional density, enable heterogeneous integration,

and transcend performance bottlenecks at mm-wave and beyond.
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1.1.2 Performance Bottlenecks

The first performance bottleneck of conventional SiP/SoP approaches discussed here are the in-
terconnects. These strategies predominantly employ chip-and-wire interconnect techniques that
utilize wire/ribbon bonds to interconnect the die with the carrier, as shown in 1.2 (top). Mm-wave
interconnects like this are attainable, but come with significant design challenges. Precise die
placement is required [29] and, more importantly, these interconnects introduce large impedance
discontinuities in the RF path that usually have to be compensated with narrowband matching net-
works [42], which is a significant limitation considering modern circuit performance requirements.
Flip-chip interconnects are often employed to bypass wire/ribbon bonding issues, as shown in Fig.
1.2 (bottom), and can attain wideband performance at mm-wave, as demonstrated in [42—44], but
also face challenges. Flip-chip technology has high manufacturing costs and introduces strict me-
chanical design constraints, such as for surface planarity of the die. Moreover, as discussed in [44],
there are risks of detuning of microwave circuits, reflections at the interconnects due to dielectric
loading, and parasitic coupling.

Material limitations of conventional SiP/SoP strategies, as well, introduce package perfor-

mance bottlenecks. These strategies require a number of successive lithography and wet/dry etch-



ing steps in a cleanroom environment. These methods are thus confined to a narrow material
arsenal, without the capability to use composites or material gradients. Different functional blocks
might require different materials, be it for high-frequency or high-power operation, and many of
these materials are not compatible with certain processes required for other materials in the same
package. High costs also come with the implementation of these processes since numerous pieces
of equipment are required in the cleanroom, while large quantities of material are wasted.

Finally, conventional SiP/SoP design lacks flexibility, which is progressively sought in order to
achieve higher functional density but also to yield packages compatible with an increasingly wide
range of applications. Application-specific packages are unattainable because design changes to
adapt the package to a specific application are hard and costly. This results in large complexity in
systems, as MMICs that are originally designed to accommodate a variety of applications require

additional components to tailor the package to a specific application.

1.2 Additive Manufacturing for SiP/SoP

Additive manufacturing (AM) technologies can provide viable solutions for system integration
and packaging at mm-wave frequencies. These technologies can resolve many of the deficiencies
of conventional approaches, while simultaneously having an enormous potential for heterogeneous
integration and higher functional density. Advantages over conventional packaging strategies come
with the inherent flexibility of AM, its wide arsenal of available materials, and its ability to man-
ufacture complicated structures in 3D without use of lithography or other conventional processes.
A wide range of dielectric, conductive, magnetic, and other photosensitive or non-photosensitive
materials can be selectively deposited in three dimensions, following highly customizable and
application-specific designs. This design flexibility is not possible with the strategies discussed in
Section 1.1. Furthermore, far less equipment is required with AM and less material is wasted.
Various AM technologies have been employed thus far, predominantly for to manufacture pas-
sive RF components, and more lately for SiP/SoP system integration. Stereolithography (SLA) was

first used in [45] for various microwave components. Afterwards, various AM technologies have



been used, including fused deposition modeling (FDM) [46], microdispensing (MD) [47], selective
laser sintering (SLS), as well as the so-called "direct write" AM technologies, i.e. inkjet printing
(1JP) [46,48] and aerosol jet printing (AJP) [49]. Demonstrated state-of-the-art passives via AM
include, for frequencies all the way to THz, waveguides and transmission lines (TLs) [S0-53],
filters, couplers, and other components [53-57], as well as antennas [46, 50, 58—60].

To the best of my knowledge, the prospect of using of AM to realize a complete SiP/SoP inter-
connect strategy was first shown clearly in [61] and [62], the first demonstrating printed dielectrics
on the side of the chip and the second demonstrating printed dielectrics and metal paths intercon-
necting the chip, via IJP. A more complete picture of a SiP/SoP strategy via IJP for microwave and
mm-wave applications was given by Tehrani ef al. in [63], in which dielectric ramps on the side of
a blank die that was attached on a glass slide and metal interconnects were printed over them with
the use of IJP. The first demonstrations of complete SiP/SoP strategies for system integration with
the use of AM were demonstrated by Craton et al. in [64] and by Tehrani et al. [65], published
in the same year. In [64], a Si attenuator bare die from O to 25 GHz was attached directly on
a metal carrier, without use of other dielectric substrates, and then fully packaged via AJP, with
printed dielectric ramps and RF interconnects. In [65], a GaAs attenuator die and a GaAs LNA
die, attached on a pre-manufactured laminate, were fully packaged via 1JP, with printed dielectric
ramps, RF interconnects, as well as DC lines for the LNA die, with surface mount components
attached for LNA biasing. Craton ef al. in [66] evolved the methodology followed in [64] to im-
prove performance and extend the strategy up to 67 GHz, opening the path for fully additively
manufactured SiP/SoP interconnect strategies at even higher, mm-wave frequencies. Additionally,
the term "chip-first" for SiP/SoP was first introduced in [66], as the die is placed first on a metal
carrier, with absence of other dielectric substrates, and the entire package, including both dielectric
and conductive paths, is designed and fabricated with respect to the die, as shown in Fig. 1.3.

Other AM-enabled hybrid approaches for SiP/SoP interconnects at mm-wave and near-THz
have been demonstrated. Ramirez et al. [67] used a hybrid approach, employing multiple AM pro-

cesses alongside laser micromachining (LMM). Ihle et al. [68] employed MD and AJP to demon-
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Figure 1.3: AJP-enabled chip-first SiP/SoP interconnect strategy.

strate SiP/SoP interconnects on LTCC. In [69], Oakley et al. used lithography to form pockets on
a LCP substrate, placed dies in the pockets, filled the gap around the die with epoxy, and printed
RF interconnects via AJP. Spain et al. [70] went one step further and filled the gap via AJP. Crump
et al. [71] followed a different approach, also AJP-enabled, printing a dielectric wall around the
cavities in LCP and then printed a lower-viscosity dielectric material in the gap to achieve thick
dielectric regions for RF interconnects. Albeit these approaches have achieved good mm-wave per-
formance and constitute solid alternatives to conventional SiP/SoP strategies, they demonstrate far
less flexibility than the fully AJP-enabled chip-first strategy in [66]. The hybrid methods utilizing
pre-manufactured laminates or dielectric carriers are bound to their material limitations, without
any great potential for heterogeneous integration. Integrating various dies with different functions
in the same package, such as low-frequency, high-frequency, and high-power dies, would require
employing a different carrier for each and interconnecting all carriers. This adds complexity and
many potential fabrication failure points. Approaches that employ AJP/IJP for metal interconnects
alone and utilize additional methods also have limited flexibility and often lack the high resolutions
required for very high-frequency interconnects on die.

The chip-first SiP/SoP strategy, fully via AJP, that was demonstrated in [66] was expanded



in [72] to package a microwave power amplifier die alongside capacitors integrated in-package
and fabricated via MMAJP as discussed in [73]. This strategy was further used in [74] to package
a W-band amplifier die alongside MMAJP capacitors, and in [75] for a fully aerosol jet-printed
W-band SoP realizing a transceiver by integrating amplifier dies, a switch die, MMAJP capacitors,

and a fully aerosol jet-printed patch antenna.

1.3 Objective of this Dissertation

The objective of this dissertation is to expand on the state of the art in AM methodologies discussed
in Section 1.2 towards a complete SiP/SoP strategy for system integration at mm-wave frequencies
that will utilize the advantages of previously demonstrated AM strategies and additionally address
some of their limitations. AJP is the employed AM technology in this dissertation, and the final
SiP/SoP strategy I target follows the fundamentals of the chip-first strategy demonstrated in [66].

Albeit the SiP/SoP prototypes shown in [66, 72, 75] establish the potential for fully printed
packages for variety of applications, certain topics were not addressed. First, there has been
no demonstration of a particularly high-power package or any integration of heatsink or high-
temperature/power semiconductor platform in the package. As discussed earlier in this chapter,
there is a lot of interest in high-power applications for SiP/SoP, while effective thermal manage-
ment becomes an increasingly important parameter of package reliability as functional density
increases. A basic idea for the integration of a heatsink in a AM-enabled SiP/SoP strategy was
demonstrated in [76], in which a system-on-antenna (SoA) module was shown, but the strategy
used was limited to pre-packaged MMICs and showed limited design and material flexibility. This
dissertation addresses this deficiency and explores the integration of high-power/temperature semi-
conductor platforms in AJP-enabled SiP/SoP strategies, as well as the high-power performance of
packages manufactured entirely with the use of AJP.

A second area with room for novelty is the diversification of dielectric inks printed in-package
in AJP-enabled SiP/SoP strategies. While the printing of dynamically mixed dielectric and

nanocomposite inks was demonstrated in [73,77] in gradients as well as abrupt material changes,



with dielectric constant and loss tangent tuning, a sole dielectric ink was printed for areas support-
ing the die interconnects and the TLs. In a package that integrates heterogeneous dies, coefficient
of thermal expansion (CTE) matching between the die and the surrounding printed dielectrics is
essential for package reliability. CTE tuning through mixing of dielectrics with nanocomposites
is possible, as discussed in [77, 78]; nevertheless, it has not been demonstrated in-package and
around the die. Moreover, as will be discussed in this dissertation, certain dielectric inks, such as
PI, introduce package reliability issues when printed adjacent to dies. This dissertation explores
more materials and their combination to support RF die interconnects. Printing different dielectric
materials for the same package also targets to transcend the limitations of hybrid methods that
rely on laminate and dielectric carriers, as discussed earlier. Different dielectric materials can be
printed in the same package and in close proximity to the die with abrupt material changes, as
will be demonstrated in this dissertation. This allows to accommodate the requirements of each
individual die and semiconductor technology, and integrate all separate functional blocks in a sin-
gle package. A demonstration of different dielectric materials printed around the die was shown
in [71], but the package was not fully printed as it utilized a pre-manufactured substrate.

Furthermore, very limited work has been shown on packaging on non-planar and complex sur-
faces and structures. Conformal antennas have attracted research interest in recent years, but there
has been no demonstration of interconnects on non-planar structures or surfaces of significant size,
nor any steps towards SiP/SoP strategies on such. There are many applications that would gain
from printed packages on non-planar surfaces, such as wearable electronics, electronics on auto-
motive and aircraft parts, and others. Printing on non-planar structures can also enable complex 3D
structures integrated in-package and further increase functional density. Additionally, no work has
been shown for fully additively manufactured interconnects at near-THz frequencies above the W-
band. In this dissertation, I demonstrate a first step towards interconnects on non-planar surfaces,
as well as the first fully aerosol jet-printed components above the W-band.

The goal of this dissertation is to demonstrate an alternative SiP/SoP strategy via AJP that

will address the deficiencies of previous strategies, as discussed above. The steps towards this
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Figure 1.4: Possible AJP-enabled packaging concept for an RF front end transceiver module on-
antenna, with two basic dies shown.

strategy are structured and divided into chapters in due order. A final system that can potentially
be manufactured following my strategy is demonstrated in Fig. 1.4, in which a RF front end
transceiver module can be realized almost exclusively via AM. A diamond platform can be used
as a heatsink for the high-power dies, while the rest of the dies can be attached directly on the
antenna. All dielectrics and conductive paths, as well as the die attach patterns, can be fully aerosol
jet-printed. The antenna can also be fully additively manufactured, as metal structures can be fully
3D-printed as discussed in [79—83]. Only metals on the diamond wafer serving adhesion and RF
ground purposes would be sputtered. The chapters of this dissertation are structured as follows.

In chapter 2, I investigate whether diamond is a good semiconductor platform for high-
power/temperature applications at high frequencies by demonstrating basic high-power RF struc-
tures on diamond. I realize X-band Schottky Barrier Diodes (SBDs) and SBD-based multiplier

structures. These components are a first step towards MMIC frequency sources that could out-
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perform the current, power-limited ones at mm-wave. Moreover, the performance of these struc-
tures indicates that diamond platforms can be included in SiP/SoP strategies for compatibility with
high power and temperature.

Chapter 3 expands on the compatibility of AJP and diamond semiconductor platforms. The
purpose is to prove that basic RF structures can be additively manufactured on diamond, so that
diamond can be included in the SiP/SoP strategy demonstrated later in the dissertation. A mm-
wave lowpass filter (LPF) and Ka-band Wilkinson power divider (WPD) are presented.

Chapter 4 expands the current state of the art to give compact, fully additively manufactured
components up to near-THz frequencies, as well as interconnects on non-planar structures. Res-
onators are realized up to W-band, utilizing basic electromagnetic-bandgap (EBG) building blocks
to form compact filtering structures that can be integrated into SiPs/SoPs. Morever, TLs and radial
stubs at near-THz are demostrated. Finally, ultra-wideband (UWB) transmission lines (TLs) up to
W-band are manufactured on non-planar structures significantly larger than the ones reported in
the literature at these frequencies.

Chapter 5 proposes a flexible SiP/SoP strategy fully via AJP with use of different dielectrics to
support RF interconnects around the die. This strategy bypasses challenges of previous strategies
at the die-dielectric interface and allows for the choice of dielectric materials depending on the
application. This material flexibility is especially important for high-power and high-temperature
applications. Then, this strategy is employed to realize a SOA transmitter module.

Chapter 6 demonstrates the integration of a diamond platform in the SiP/SoP strategy as a
heatsink. The basic implementation is shown, with fabrication of the package via AJP on diamond.
In addition, high-power RF measurements are demonstrated alongside small-signal measurements.

Finally, chapter 7 gives a conclusion of the dissertation and a summary of possible future work.
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CHAPTER 2

HIGH-POWER MICROWAVE COMPONENTS ON DIAMOND

As discussed in Chapter 1, there is a deficiency of SiP/SoP strategies showing the integration
of semiconductors with high-power/temperature capabilities. This dissertation addresses that by
proposing the integration of diamond platforms in-package. The first step is to demonstrate the
high-power and high-temperature capabilities of diamond with basic RF devices. In this chapter, I
demonstrate diode [1] and multiplier [2] structures on diamond as a way to show these capabilities
that SiP/SoP strategies can exploit, but also to show the general potential of high-frequency devices
on diamond for high-power/temperature applications.

Over the years, diamond has become very popular as a candidate for semiconductor applica-
tions at microwave and mm-wave frequencies, in the domain of wireless communications, imaging,
and sensing. The combination of great electronic, thermal, and mechanical properties it possesses
can offer solutions for device integration into highly dense packages when mainstream semi-
conductor choices are not compatible with the physical stresses that these packages must face.
Chemical vapor deposition (CVD) diamond properties are compared to the ones of other, common
semiconductors in Table 2.1 [84—-86], with diamond comparing favorably as a choice to realize
functional blocks operating both at high frequencies and under high-voltage and thermal stress si-
multaneously. This fact is known in the research community, and plenty of commonly used devices
have been realized on diamond, such as power diodes and field-effect transistors (FETs) operat-
ing at high voltage, current, and temperature [87-89], while there have also been initial attempts

towards realizing diamond-collector heterojunction bipolar transistors (HBTs) [90,91].
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Table 2.1: Comparison of properties and figures of merit (FoM) of CVD diamond with common semiconductors at room

temperature
Property/FoM Si | 4H-SiC | GaAs | GaN | GaP | InP | CVD Diamond Device Benefit”
Dielectric constant 11.7 9.7 12.9 89 | 11.1 | 125 5.7 -
Bandgap (V) 1.1 32 | 144 | 3.04 | 226 | 1.34 5.47 High-Temperature
Operation
Breakdown Field (MV/cm) 0.3 3 0.4 5 1 5 10 High-Voltage Operation
Electron Sat;lratlon Velocity 0.86 3 0.72 25 | 088 | 068 ) ngh—Frequency
(x10* cm/sec) Operation
Electron Mobility (cm?/V/sec) | 1450 900 8800 | 1350 | 250 | 4100 4500 -
Hole Mobility (cm?/V/s) 500 120 400 13 150 | 150 3800 -
Thermal Conductivity . .
(W/em/K) 1.5 5 0.56 1.3 1.1 | 0.68 24 High-Power Operation
, 1 Large Power-Frequency
Johnson’s FoM (JFoM) 1 1217 1.3 2347 | 11.6 | 174 6009

Product

* Larger value of each property/FoM increases the corresponding device benefit.

f Calculated as JFoM = (%

velocity [92].
From [2] ©2020 IEEE.
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) and normalized to JFoMg;, where E) is the breakdown field and vy is the electron saturation



2.1 Schottky Barrier Diodes

The first part of this chapter focuses on Schottky Barrier Diodes (SBDs) on diamond. This type
of diodes is omnipresent in electronics for a variety of applications, and the utilization of dia-
mond properties can help provide solutions unattainable with other common semiconductors. In
power-conversion systems, the high breakdown field and low conduction resistance of a diamond
device can increase the system efficiency and reduce power consumption. The low junction ca-
pacitance reported for diamond SBDs [87], on the other hand, yields high cutoff frequencies for
fast-switching applications or mm-wave electronics.

Frequency multipliers, rectifiers, and detectors are components widely used in SBD appli-
cations, and for these to deliver adequate output power (P,,) impedance matching by means of
matching networks is required. Diode matching has been predominantly done using S-parameters.
However, specifically in the case of SBDs, the diode impedance is a function of the RF power

delivered to the diode, (Psgpin), as well as of the carrier frequency, fo, i.e. [93]:

Zsgp = Zspp (Pspp.n; fo) - (2.1)

Small-signal matching hence introduces inaccuracy when designing SBDs that need to handle high
RF power levels. To transcend this problem, active load/source-pull (L/S-P) can be employed to
perform large-signal, high-power matching at both input and output sides of the diode. In general,
an active L/S-P system can present any impedance on the Smith Chart to the device-under-test
(DUT) to optimize the power delivered by the DUT to the load (P.), i.e. the output power, P,
or other parameters such as linearity or efficiency. An extensive overview of L/S-P techniques for
power and linearity optimization is given in Appendix A.

In this Section, I demonstrate the development of high-power RF SBDs on high-pressure high-
temperature (HPHT) single-crystalline diamond (SCD) and their characterization for large RF sig-

nals, for the first time to the best of my knowledge, via the active L-S/P technique. These devices

© 2021 IEEE. Section 2.1 is based on "X. Konstantinou, C. J. Herrera-Rodriquez, A. Hardy, J. D. Al-
brecht, T. Grotjohn and J. Papapolymerou, "High-Power RF Characterization of Diamond Schottky Barrier
Diodes at X-band," 2020 IEEE/MTT-S International Microwave Symposium (IMS), 2020, pp. 297-300, doi:
10.1109/IMS30576.2020.9223773", with permission.
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Figure 2.1: Detailed view of a single SBD in ANSYS HFSS®.

were manufactured with conventional methods in a cleanroom environment. The input and output
of the SBD were matched to maximize P,,. An input power of P;, = 34 dBm yielded P, = 33
dBm at fy = 10 GHz. These achieved RF power levels are higher than what other RF diodes in
the literature have demonstrated, which, alongside the capability to perform harmonic active L/S-P
at fo, 2fo, and 3 f, demonstrates the potential of active L.-S/P characterization of RF diodes as
a great asset in designing frequency multipliers, rectifiers, and detectors as functional blocks in

high-power RF systems.

2.1.1 Design

The basic diode structure was first designed in Synopsys® Sentaurus Device. Thereupon, further
design and optimization was done in ANSYS HFSS® to minimize the device parasitics, such as
parasitic capacitances formed between the metal layers and the doped diamond layers, as well as
to design the RF feeds that are connected to the diode. A detailed view of the designed SBD is
shown in Fig. 2.1. The Schottky contact is formed between a circular metal stack and the lightly
boron-doped (B-doped) p~ epilayer (diode anode, or input), while a ring-shaped metal stack and
the heavily B-doped p* epilayer form the ohmic contact (diode cathode, or output). A SiO, layer

was designed to isolate the Schottky metal from shorting to the p* epilayer. The total parasitic
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Figure 2.2: The designed SBD structure in ANSYS HFSS® (with units in um): (a) CPW TL width
= 282, (b) structure length = 895, (c) CPW TL gap = 55, (d) p- mesa diameter = 50, (e) Schottky
contact diameter = 42.5, (f) finger width = 20, (g) ohmic ring width = 21, (h) p* mesa diameter =
100, (0) width transition angle = 46°. From [1] ©2020 IEEE.

capacitance is directly related to the diode cutoff frequency, which is given by:

1

Je = (2nRC,)’

(2.2)

where R is the diode series resistance and C; = Cj + C,,, is the total diode capacitance, with C;
being the junction capacitance and C\,, the total parasitic capacitance [94]. Cy,, thus, needed to
be minimized. The SBD was designed to have a cylindrical shape in order to decrease the sharp
discontinuities and aid in minimizing Cp,,.

The RF feeds connected to the diode were comprise of coplanar waveguide (CPW) transmis-
sion lines (TLs), with a designed width transition to connect to the small diode contacts. The CPW
TLs were designed and fabricated on-wafer, on the same diamond substrate as the SBDs. The TLs
were designed to have a 50-(2 characteristic impedance at 10 GHz. The entire designed structure

is shown in Fig. 2.2.

2.1.2 Fabrication

A commercial HPHT SCD type-Ib wafer with lateral dimensions of 5x5 mm? and a 3° off-cut
angle in the (100) surface orientation was used as the semiconductor platform. This wafer was

processed by Aaron Hardy at the Coatings and Diamond Technologies Division, Fraunhofer USA
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Figure 2.3: Top view of a fabricated SBD.

Center Midwest (Fraunhofer USA CMW). Mechanical polishing using diamond powder and olive
oil was performed to reduce surface roughness, followed by a 3 um reactive-ion etching (RIE)
process to remove any sub-surface damage and an acid cleaning process.

Doped diamond growth was done by Aaron Hardy and Cristian J. Herrera-Rodriquez at the
Coatings and Diamond Technologies Division, Fraunhofer USA CMW. B-doped diamond epi-
layer growth on the SCD wafer was done in two separate microwave plasma-assisted chemical
vapor deposition (MPACVD) reactors, one for heavily and one for lightly B-doped diamond de-
position, with ultra-high purity levels of hydrogen (Hs) and methane (CH,4) process gases. The
heavily B-doped epilayer was grown on the diamond substrate first, with the lightly B-doped epi-
layer grown in a second reactor. The mesa structures of the grown epilayers were defined via a
fluorine plasma etching process and an aluminum (Al) hard mask. All remaining fabrication steps
were done by Cristian J. Herrera-Rodriquez at the Michigan State University (MSU) Engineering
Research Complex (ERC). A SiO, layer was grown via plasma-enhanced chemical vapor depo-
sition (PECVD) and patterned lithographically to isolate the Schottky metal from shorting to the
p* mesa structure. A sputtered titanium (Ti)/gold (Au) (10-nm/200-nm thick) ohmic contact layer
was patterned via liftoff to cover the p* mesa structure. A thermal annealing process was there-

upon done under vacuum at 600°C for 1 h to achieve a carbide formation at the metal-diamond
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Figure 2.4: SBD DC I-V curves: (a) forward mode, illustrating the forward current, and (b) reverse
mode, illustrating the leakage current. From [1] ©2020 IEEE.

contact interface. An oxygen plasma treatment was performed on the wafer to oxygen-terminate
the diamond surface prior to the deposition of a Mo/Au (20-nm/200-nm thickness) layer for the
Schottky contact, also defined via liftoff, on top of the p~ mesa structure. The final step was the

Au plating of the RF structures to a thickness of 3.5 pm. A fabricated diode is shown in Fig. 2.3.

2.1.3 Results

DC measurements were performed first to acquire the diode I-V characteristics and the turn-on
voltage. I did a DC voltage sweep using an Agilent BISO0OA Semiconductor Device Analyzer, and
the I-V curves are shown in Fig. 2.4. The turn-on voltage is around -4V and the maximum achieved
forward current is around 18 mA at -10 V applied. In reverse mode, a low leakage current is shown
in the range of 0 to 10 V applied. Low leakage current and large reverse breakdown voltages are
critical for many diode applications, such as high-power multipliers.

I performed all S-parameter measurements using a pair of 67A-GSG-250-C picoprobes and all
L/S-P measurements using a pair of 40A-GSG-250-P picoprobes (both by GGB Industries). A

short-open-load-thru (SOLT) calibration was performed using a dedicated CS-9 calibration sub-
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Figure 2.5: SBD S-parameters measured from 10 MHz to 67 GHz, with -5 V applied. From [1]
©2020 IEEE.

strate (GGB Industries) to bring the reference planes to the tips of the probes. Diode S-parameters
were measured first, shown in Fig. 2.5, using a MPI TS150-THZ Probe System and the Keysight
N5227 PNA from 10 MHz to 67 GHz. Even though SBD impedance matching was not performed
before measuring the S-parameters, transmission loss is limited to < 4dB in the range from 10 to
50 GHz, hence f, is above 50 GHz. S1; and S5, are maintained below -10 dB in the range from 20
to 50 GHz. The high loss from 10 MHz to around 10 GHz is due to a small capacitance formed
between the Schottky contact and the p* epilayer. The p~ epilayer is non-conductive at room tem-
perature for low power levels as B forms deep acceptor levels in the bandgap that require very high
energies to be activated for low doping concentrations [95]. Therefore, the p~ epilayer acts as a
dielectric, forming a capacitance between the Schottky contact and the p* epilayer.

To maximize the power delivered to the load through the SBD at a specific frequency and for a
specific P;,, impedance matching of the SBD input and output needs to be performed under those
conditions. Impedance matching will satisfy the maximum power transfer theorem, presenting
the SBD input/output with the conjugate of the SBD input/output impedance, i.e. Z; and 2,

respectively. Post-matching mismatch losses are minimal and power loss is exclusive to the SBD

ohmic resistance. I performed SBD large-signal measurements and impedance matching using
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a Maury MT2000 Active L/S-P System. The source and load sides correspond to the DUT (i.e.
SBD) input and output, respectively. The MT2000 has an open-loop architecture for the purpose
of tuning the reflection coefficients, I';, where = = {S, L}, by injecting arbitrary RF signals into
the DUT to find the optimal I's and I'y (hence Zs and Z;) to maximize Py [96]. The conditions

Zs = Zy and Zy, = Z;

out

will apply since the maximum power transfer theorem will be satisfied.
I did active L-S/P using continuous-wave (CW) signals for f, = 10 GHz, P;, = 34 dBm, and -5
V applied. I first performed L-P on the SBD to get a first estimation of the optimal Z;, (Z ) for
maximum Py (Pp ., and then set Z; to Zp o, and performed S-P to locate the Zs o for P pax.
Thereafter, I matched Zs to Zs o, and performed L-P again. This procedure was repeated until
L-P gave me the largest Py .« possible and conjugate impedance matching was achieved, hence

ZS,Opt - th‘l al’ld ZL,Opt - Z*

out*

As shown in Fig. 2.7, a P . = 33.3 dBm was achieved for
I's = 0.854+j0.2 and I'L, = 0.8 4+ j0.2, yielding Z;, = 190 — j320 Q and Z,,, = 200 — j250 2. The
discrepancy between Z;, and Z,, could be due to imperfections in the L-P system calibration
that cause power measurement errors. The diode structure, including the junction and the metal
contacts, can handle 34 dBm at the input and 33.3 dBm at the output. Comparing to other RF
SBDs, as shown in Table 2.2, these RF power values are very high.

It 1s important to note that these results do not indicate the intrinsic upper limits of the RF
diamond SBD power handling capabilities. While record or near record, these results were safely
within the operating regime of the diodes and were performed multiple times without device degra-
dation. These power-related results, along with the high f. = 50 GHz of the fabricated device and
the availability of active L/S-P at the second and third harmonic, are a motivation to use large-signal
harmonic impedance matching to realize high-power, SBD-based multipliers for high-frequency

applications.
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Figure 2.6: Setup for L-P measurements.
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Figure 2.7: Py contours for P;, = 34 dBm and an applied voltage of -5 V. Every contour line
encloses 'L (or Z ) points that correspond to a specific attained Py value, or larger. The optimal ',
(or Z1) to maximize Py is indicated by the dot. Py j,.x = 33.3 dBm is attained for I'y, = 0.8 +j0.2,
which correspond to an impedance of 7 = 200 + j250 €2. From [1] ©2020 IEEE.
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Table 2.2: Comparison with state-of-the-art RF SBD components

Ref. Tecl;il(l)(()il‘:)gy fo(GHz) | Py s, (dBm) | Py, (dBm)
This work SCD SBD 10 34 33.3¢
Oishi et al. [97] [3-Ga,0O3 SBD 1.4 23.7 N/A
Hamed et al. [98]" Graphene Diode 10 14 -14%
Liu et al. [99]" GaAs SBD 90 27 20.4%
Siles et al. [100]° GaAs SBD 92.5 27 21%

* Rectifier application, T multiplier application, *Poy sy, ¥ Pouas,- From [1] ©2020 IEEE.
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2.2 Multipliers

The second part of this chapter focuses on high-frequency multipliers on diamond. The multiplier
structures presented here utilize the SBDs demonstrated in the first part of the chapter, with the dif-
ference that in this case the SBDs are manufactured on chemical vapor deposition (CVD) B-doped
diamond rather than HPHT. In recent years, there has been an increased demand for efficient, com-
pact, and high-power-compatible local oscillator (LO) sources for mm-wave and THz applications
in the areas of terrestrial and space communications, remote sensing, and spectroscopy. Thus far,
people have mostly used Gunn, varactor, and Schottky barrier diodes, with semiconductors such
as GaAs and InP, to realize such devices. Albeit such efforts, there is a lack of efficient LOs at
frequencies between microwave and far-infrared radiation that can generate signals at adequate
power levels for the operational requirements of next-generation instruments [101, 102].

As discussed in Section 2.1, SBDs on diamond have demonstrated great potential to realize
functional blocks for high-power frequency sources at mm-wave frequencies. Here, I present the
first attempt towards this goal by demonstrating monolithic SBD-based multiplier structures on
diamond, and specifically two different doubler configurations, which multiply X-band signals.
These structures are compact, occupying an area smaller than 10 mm? each. Preliminary small-
signal RF measurements are shown from 50 MHz up to 67 GHz. The work demonstrated here
shows that, with further high-power RF device improvements and additional characterization of
the fabricated structures, MMIC frequency multipliers utilizing diamond SBD as the core device
can achieve power levels, at various harmonics, higher than current frequency sources at mm-wave.
This would also be the first significant material change in SBD multiplier approaches in decades

as the majority of the work to date is on optimizing and integrating GaAs or InP devices.

© 2021 IEEE. Section 2.2 is based on "X. Konstantinou et al., "Towards High-Power Multipliers Using Diamond
Schottky Barrier Diodes," 2021 IEEE International Conference on Microwaves, Antennas, Communications and Elec-
tronic Systems (COMCAS), 2021, pp. 111-115, doi: 10.1109/COMCAS52219.2021.9629034", with permission.
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2.2.1 Design

I designed the multiplier structures utilizing SBDs, bandstop filters (BSFs), and finite-ground
coplanar (FCG) TLs, all integrated monolithically on the same diamond wafer. The SBDs were
designed following the model presented in Section 2.1 and in [1]. As previously discussed, it is
important to minimize the parasitic capacitances between the metal contacts, diode interconnects,
and doped diamond epilayers. A reduction of parasitic capacitance values increases the diode cut-
off frequency, which needs to be above the desired harmonics generated by the multiplier. The
diode metal contacts are interconnected to the TLs through contact-to-TL transitions. FGC TLs
were chosen over CPW due to their compact nature, since their GND planes are narrower. They
also overcome the parasitic parallel-plate waveguide mode issues of CPW TLs [103]. They were
also chosen over microstrip (MS) lines, as FGC lines do not have characteristics that significantly
depend on the substrate thickness, like MS lines. The FGC TLs are designed with a 50-€2 charac-
teristic impedance.

Two separate isolation networks are necessary in each configuration for doubler operation,
on the input/output sides, respectively. These networks trap unwanted frequencies on each side
and are realized as EBG resonator-based BSFs, as demonstrated in [5]. These EBG resonator
structures are discussed in more details in Chapter 4, wherein they are fabricated fully via AJP
and are measured up to W-band. Since the goal here is to operate the doublers multiplying 10-
GHz signals, 1 designed the BSFs to trap the signal at 20 and 10 GHz at the input and output,
respectively. I designed two doubler configurations, the first one (configuration A) utilizing a
single series diode and the second one (configuration B) two diodes in parallel. I designed all
structures to have symmetry around the center conductor in order to suppress the coupled slotline
mode supported by the FGC TLs [104]. As before, I used ANSYS HFSS® minimize the diode

parasitics and design the TLs, and additionally the BSFs. All designs are shown in Fig. 2.8.
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Figure 2.8: Layout of designed structures, with dimensions in mm: (a) SBD used in doubler
structures, (b) doubler per configuration A (series), and (c) per configuration B (parallel). From [2]
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Figure 2.9: (a) Schematic illustration of the device fabrication process flow: (i) p/p* diamond
epitaxy growth on undoped CVD diamond substrate, (ii) mesa etching using a Ni/Ti metal mask to
define p™ layer, and (iii) p* layer, (iv) SiO; insulation layer deposition via PECVD, (v) metallization
via e-beam evaporation to deposit Ti/Au cathode (Ohmic contact) and Mo/Au anode (Schottky
contact), and (vi) metallization with 1.5-um-thick Ag for the interconnection. (b)-(e) Microscopic
images taken during the fabrication step. From [2] ©2021 IEEE.

2.2.2 Fabrication

The fabrication of the diamond SBD-based doubler structures follows similar steps as the ones
for the diamond SBDs in Section 2.1, but with some considerable differences. The fabrication
steps are shown in Fig. 2.9. A commercial CVD SCD wafer with lateral dimensions of 5x5 mm?
and a 3° off-cut angle in the (100) surface orientation was used. As before, mechanical polishing
was performed to reduce surface roughness, followed by a 3-um RIE to remove any sub-surface
damage and an acid cleaning process. These initial processes were done by Aaron Hardy at the
Coatings and Diamond Technologies Division, Fraunhofer USA CMW.

All following steps were done by Cristian J. Herrera-Rodriquez at the MSU ERC, and by Junyu
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Figure 2.10: Overview of the two fabricated diamond SBD doubler structures: (a) configuration A
(series), and (b) configuration B (parallel). From [2] ©2021 IEEE.

Lai and Jung-Hun Seo at the University at Buffalo, the State University of New York. B-doped
diamond epilayer growth (lightly and heavily doped), was performed on two separate MPACVD
reactors with ultra-high purity levels of H, and CH, process gases. As before, the p* epilayer was
grown on the diamond wafer first in the first reactor, followed by the lightly p~ epilayer in the
second reactor. The epilayer mesa structures were defined with a disk shape nickel (N1)/Ti etching
mask and an induced coupling plasma (ICP) etcher using hexafluoroethane (CF4)/O, gases, as
shown in Fig. 2.9(ii)-(ii1). The p~ epilayer has a thickness of 430 nm and a B concentration of
5 x 101 cm™3, while the p™ epilayer has a thickness of 930 nm and a B concentration of 10%°

cm~3. A 300-nm-thick SiO, was again deposited via PECVD to electrically isolate the anode and
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cathode. A molybdenum (Mo)/Au metal stack (Mo: 20 nm/ Au 200 nm) and a Ti/Au metal stack
(Ti: 20 nm/ Au: 200 nm) were deposited via electron-beam evaporation (E-beam) on the p~ and
p* layers to form a Schottky contact (anode) and ohmic contact (cathode), respectively, as shown
in Fig. 2.9(v). The device then underwent a thermal annealing process at 600 °C for 1 min using a
rapid thermal annealing (RTA) system in a Ny environment to further lower the contact resistance
of the ohmic contact. Finally, 1.5 um of Ag were deposited to form the interconnections and
RF paths, configuring the diamond multiplier. Figures 2.9(b)-(e) show microscopic images taken
during the fabrication process. The fabricated structures are shown in Fig. 2.10. The design is
compact, with each configuration occupying an area smaller than 10 mm?, whereas each diode

(including interconnects) an area smaller than 0.037 mm?.

2.2.3 Results

The first step in the measurements process was to measure the DC I-V characteristics of the fab-
ricated SBDs that are utilized in the doubler structures. DC measurements were performed by
Junyu Lai and Jung-Hun Seo at the University at Buffalo, the State University of New York us-
ing a Keithley 4200 SCS semiconductor parameter analyzer in a darkbox, and verified by me and
Cristian Herrera-Rodriguez at MSU using an Agilent BISO0A Semiconductor Device Analyzer,
with my DC measurement setup shown in Fig. 2.11a. Fig. 2.12 shows I-V curves measured from
six different SBDs on the same wafer. The ideality factor is found to be n = 1.13, following the
method outlined in [105]. The good uniformity of the I-V curves and the small ideality factor
indicate that the p~ and p™ diamond layers were grown uniformly and without significant defect
sites. One thing to note is that the on-state SBD resistance values, as observed at DC, show that the
p~ layer thickness and doping conditions can be significantly improved without compromising the
reverse breakdown at any reasonable RF power level. The forward current could be significantly
increased when operating at elevated temperatures where a greater fraction of the B dopants would
be ionized. The turn-on voltage for the fabricated SBDs is among the lowest reported for diamond,

which was a significant design limitation. For the more common high-power diode applications
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Figure 2.12: DC I-V curves measured from six different SBDs on a single CVD wafers with the
ideality factor of n = 1.13. From [2] ©2021 IEEE.

with much thicker epilayers to support breakdown voltages at kV, the on-state voltage threshold is

often above 3 V.

I performed small-signal RF measurements from 50 MHz up to 67 GHz using two 67A-GSG-
100-P picoprobes (GGB), an MPI TS150-THZ Probe System, and a Keysight N5227 PNA. A line-

reflect-reflect-match (LRRM) calibration was performed using a CS-5 (GGB) dedicated calibration
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Figure 2.13: Measured vs. simulated S-parameters for the fabricated input and output BSFs. From
[2] ©2021 IEEE.

substrate to bring the reference planes to the tips of the probes. I first measured S-parameters for
separate input and output BSFs, fabricated on the same wafer as the doubler structures. The BSFs
provide resonances at the designed frequencies of 20 and 10 GHz, respectively, allowing them to
block the corresponding frequencies, as shown in Fig. 2.13. I then measured S-parameters for
the two doubler configurations under a forward bias of 5 V, which performed as expected. In Fig.
2.14a, Sy; is minimum at -14 dB near 10 GHz and peaks to -7 dB near 20 GHz, providing output
isolation from the fundamental and allowing the signal to pass at the second harmonic. In Fig.
2.14b, similar behavior is observed, with Sy; values of -28 dB near 10 GHz and a peak to -7 dB
around 23 GHz. Transmission at 20 GHz is limited due to mismatch, but it can be improved for
high power via active L/S-P, as demonstrated in Section 2.1, to design matched circuits on-wafer.
The entire structure can be characterized via L/S-P and the optimal matching conditions can be
found to maximize P, at 2 f,. Input and output matching networks can then be added, or the input

and output isolation networks and transmission lines can be modified accordingly.
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Figure 2.14: Measured S-parameters for the fabricated (a) doubler per configuration A, and (b)
doubler per configuration B. From [2] ©2021 IEEE.
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2.3 Conclusion

This chapter demonstrates basic high-power RF structures monolithically realized on diamond.
The power levels demonstrated for the SBDs are higher than other RF diodes in the literature. The
initial RF multiplier structures are a first step towards MMIC frequency sources on diamond that
can potentially outperform the current, power-limited ones at mm-wave frequencies and beyond.
In addition, this chapter demonstrates the general high-power/temperature capabilities of diamond
and establishes that diamond platforms would be a useful addition in SiP/SoP strategies seeking to

provide effective thermal management in a variety of applications.
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CHAPTER 3

ADDITIVELY MANUFACTURED MM-WAVE COMPONENTS ON DIAMOND

In chapter 2, I discussed the high-power/temperature capabilities of diamond and basic RF devices,

demonstrating high-power measurements and the potential to integrate diamond into RF systems,
either as the semiconductor platform for high-power devices or as a heatsink to alleviate dies from
thermal stress. This chapter focuses on demonstrating fundamental compatibility of diamond with
AJP manufacturing processes. It is important to demonstrate a basic compatibility first, before
attempting to integrate diamond into a complete AJP-enabled SiP/SoP strategy.

I show this basic compatibility by realizing basic RF passives on diamond via AJP, using dia-
mond as the dielectric substrate. This chapter demonstrates a LPF [3] and a WPD [4] printed on
diamond and measured at mm-wave. Both are comprised of grounded CPW (GCPW) launches
that transition to MS TL parts through via-less transitions on top and a ground plane on the bottom
side of a diamond wafer. All conductive paths for the LPF were fully printed with Ag ink. For the
WPD, the resistor is a nickel chromium (NiCr) resistor manufactured via a thin-film process, while
all conductive paths were printed with silver (Ag) ink. The LPF was measured from 10 MHz to
67 GHz, and the WPD from 22 to 40 GHz. The results demonstrate the potential for integration of

diamond platform into packaging concepts via AJP.

3.1 Design

3.1.1 LPF

To design the LPF, I implemented the stepped-impedance prototype and followed the methodology

in [106]. I chose to include seven MS TL elements to yield a 0.5-dB equal ripple response, a cutoff

© 2020 IEEE. Chapter 3 is based on "X. Konstantinou et al., "A Monolithic Wilkinson Power Divider on
Diamond via a Combination of Additive Manufacturing and Thin-Film Process," 2020 IEEE Radio and Wire-
less Symposium (RWS), 2020, pp. 201-204, doi: 10.1109/RWS45077.2020.9050128" and "X. Konstantinou et
al., "A Monolithic RF Lowpass Filter on Diamond via Additive Manufacturing," 2020 IEEE USNC-CNC-URSI
North American Radio Science Meeting (Joint with AP-S Symposium), 2020, pp. 123-124, doi: 10.23919/US-
NC/URSI49741.2020.9321615", with permission.
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Figure 3.1: Top view of the designed LPF in ANSYS HFSS®(in units of mm, with bottom GND
plane everywhere). From [3] ©2020 IEEE.

frequency at 40 GHz, an insertion loss of 30 dB at 50 GHz, and a characteristic impedance of 50
() at the input and output. The design is shown in Fig. 3.1. The stepped-impedance prototype
utilizes MS TL elements with two different characteristic impedances, 20 and 120 2, and the
design is symmetric with respect to the middle 120-¢2 element. The first and last 20-{2 elements
are terminated to 50-(2 MS TLs leading to 50-{2 GCPW launches though via-less GCPW-to-MS
transitions as in [107]. The dielectric substrate was assumed to be 0.2-mm thick HPHT diamond
with €, = 5.7, and a ground plane was designed on the entire bottom side of the substrate. The LPF

was optimized in ANSYS HFSS®.

3.1.2 WPD

A WPD ideally splits the input signal equally into two output signals, with the resistor isolating
the two output ports. The designed WPD is shown in Fig. 3.2. All three ports utilize 50-(2
GCPW launches for probing, as in the case of the LPF, which lead to 50-2 MS TLs through via-
less transitions. The 50-§2 MS on the input side splits into two A/4-transformer MS TLs with an
characteristic impedance of Zy = 50v/2 = 70.7 ) that are isolated by a NiCr 100-(2 resistor. The
resistor was designed to make the WPD as compact as possible, and thus I chose a curved shape

as shown in Fig. 3.2. I also needed to design a resistor width that will be feasible to be fabricated
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Figure 3.2: The designed WPD in ANSYS HFSS®(in units of mm, with bottom GND plane every-
where). From [4] ©2020 IEEE.

following the thin-film process that will be described in Section 3.2, so I chose the width to be

Wres = 100 pwm. With the resistor width chosen, the resistor length /.., was chosen to achieve
Rres =p- lres/(tres ' wres) = 100 Qa (31)

where t,., = 120 nm is the designed thickness of the resistor and p ~ 1.5 x 107% Q-m is the NiCr
resistivity. In this case, the dielectric substrate was assumed to be 0.15-mm thick HPHT diamond
with €, = 5.7, and a ground plane was designed on the entire bottom side of the substrate. The TLs

were optimized in ANSYS HFSS®.

3.2 Fabrication

3.21 LPF

The diamond substrate was a commercially purchased HPHT SCD wafer, with (100) crystal ori-
ented top and bottom surfaces, and was processed by Aaron Hardy at the Coatings and Diamond
Technologies Division, Fraunhofer USA CMW. The wafer was cut to a thickness of 0.2 mm with
an infrared laser and then mechanically polished to a thickness of 0.15 mm on a cast iron polishing

wheel with diamond powder and olive oil.
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(b)

Figure 3.3: (a) Overview of the Optomec Aerosol Jet 5X printer setup at Michigan State University
during printing, and (b) a fabricated LPF on diamond, with the two measurement ports indicated.
From [3] ©2020 IEEE.

All TLs and the bottom ground plane were manufactured via AJP using an Optomec Aerosol
Jet 5X Printer. Six layers of Ag ink were printed to achieve a thickness of 6 pm on top and bottom.
The bottom ground plane was printed and sintered first, followed by printing and sintering of the
LPF on the top side. The Ag ink consisted of 25 wt.% Clariant Prelect TPS 50 + deionized (DI)
water and was cured at 180 °C for 5 h, with details of the thermal processing discussed in Appendix

B. The fully fabricated LPF is shown in Fig. 3.3b.
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Silver Ink

Port 2

Figure 3.4: A fabricated WPD on diamond, with the three measurement ports indicated. From [4]
©2020 IEEE.

3.2.2 WPD

The WPD was fabricated on the same type of HPHT SCD wafer as the LPF after following the
same polishing process, with a final thickness of 0.15 mm. The NiCr resistor was fabricated by
Cristian Herrera-Rodriguez with a combination of thin-film deposition and lithography. First, the
designed resistor was patterned on the diamond surface via lithography using the AZ nLOF 2020
negative photoresist and the AZ 726 MIF developer. Then, NiCr was deposited on the surface via
DC magnetron sputtering under a process pressure of 5 mTorr and at a power level of 90 W. The
fabricated resistor was realized with a final step of liftoff using the AZ 400T photoresist stripper.
The realized resistor thickness was measured to be 186 nm using the Dektak 6M Profilometer.
Fabrication of the remaining parts of the WPD come after the resistor. All TLs and the bottom
ground plane, as in the case of the LPF, were manufactured via AJP using an Optomec Aerosol Jet
5X Printer by printing Ag ink. The ground plane was printed first on the entire bottom side of the
diamond wafer and then cured. The TLs were printed on the top side, making proper contact with
the fabricated NiCr resistor, and then cure. All Ag was cured at 180 °C for 5 h. Five layers of Ag

were printed for a thickness of 5 um. The fully fabricated WPD is shown in Fig. 3.4.
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3.3 Results

All measurements for the LPF and the WPD were taken using a MPI TS150-THZ probe station and
a Keysight N5227 PNA. For the LPF, I used two 67A-GSG-250-C picoprobes (GGB Industries),
while for the WPD I used three 40A-GSG-250-P-OPTS5 picoprobes (GGB Industries). In all cases
and before measuring the fabricated components, SOLT calibration was performed to bring the

reference planes to the tips of the probes.

3.3.1 LPF

The simulated and measured results for transmission (Ss;) and reflection (S;; and So5) ratios are
shown in Fig. 3.5 and 3.6, respectively, in the frequency range from 10 MHz to 67 GHz. The mea-
sured results at selected frequencies are summarized in Table 3.1. The measured results are very
close to the simulated ones. The LPF cutoff frequency is close to the designed one at 40 GHz and
the measured loss at 50 GHz is 25.8 dB, with the measured transmission rolloff closely following
the simulated one. The LPF is low-loss in the pass-band. The high loss at low frequencies is due
to the absence of vias in the GCPW-to-MS transition, as top and bottom grounds are not connected
and there is no DC return path. Also, increased noise can be observed in the measurements at low
frequencies for both transmission and reflection coefficients, since little to no power is coupled
from the ground pads to the bottom ground plane. Similar behavior has been observed in [53].
Nevertheless, measured and simulated performance has good agreement and the LFP exhibits the

desired behavior from 10 to 67 GHz.

3.3.2 WPD

The WPD was designed to achieve an equal power split, which would ideally yield a transmission
loss on each branchby 3 dB. The measured performance for the WPD is shown in Fig. 3.7. The
worst-case loss is 2.66 dB at 40 GHz. The discrepancy between So; and S3; might be due to

the variation between the designed ¢,.s and the achieved NiCr thickness, which might also cause
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Figure 3.5: Measured and simulated transmission ratio (So;) for the fabricated LPF. ©2020 IEEE.
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Figure 3.6: Measured and simulated reflection ratios (S1; and So9) for the fabricated LPF. From [3]
©2020 IEEE.

Table 3.1: Measured LPF metrics at 10, 20, 30, 40, and 50 GHz

Measured Metric 10 GHz 20 GHz 30 GHz 40 GHz 50 GHz
Sa1 (dB) 24 -3 -0.5 -5.5 -25.8
S11 (dB) -17.7 -5.8 -30 -2.5 -0.3
Sa2 (dB) -18 -6 -37.3 -2.6 -0.5

From [3] ©2020 IEEE.
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Figure 3.7: Measured S-parameters for the fabricated WPD.

Table 3.2: Measured metrics at 22, 30, and 40 GHz

Measured Metric | 22 GHz | 30 GHz | 40 GHz
So1 (dB) -3.9 -5 -5.7
S31 (dB) -4.6 -4.5 -3.4
S11 (dB) -7.9 -7.9 -10.6
S22 (dB) -11 -10.6 -13.5
S33 (dB) -12.5 -10.6 -11.7
S32 (dB) -16 -17.3 -19.7

From [4] ©2020 IEEE.

the increased reflection at the input port. The two output ports are well isolated, as the WPD

demonstrates isolation of more than 16 dB at all frequencies.

3.4 Conclusion

This chapter demonstrates basic RF components fabricated on diamond via AJP at mm-wave fre-
quencies. A LPF was fully printed, while a WPD was fabricated with a combination of thin-film
process and AJP. These components perform well at mm-wave and demonstrate fundamental com-
patibility between AJP and diamond semiconductor platforms. This is important for later chapters

of this dissertation, wherein diamond will be integrated into AJP-enabled SiP/SoP strategies.
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CHAPTER 4

FULLY ADDITIVELY MANUFACTURED MM-WAVE AND NEAR THZ COMPONENTS

As discussed in Chapter 1, there is a lack of published work in the areas of AM-enabled packaging
and interconnects on non-planar surfaces and structures, and at frequencies above the W-band. In
recent years, there has been research done on conformal antennas but no demonstration of inter-
connects on complex structures of significant size or any incorporation of such interconnects in
SiP/SoP strategies. In the frequency domain above 110 GHz, interconnects have been realized ei-
ther via conventional methodologies exclusively or via combination of some AM and conventional
methods, but not fully via AM. For SiP/SoP strategies via AJP to be employed for near-THz and
THz applications, an initial demonstration of fully printed interconnects at these frequencies is
necessary.

Therefore, in this chapter I address the deficiencies mentioned above by showing fully aerosol
jet-printed components and interconnects at mm-wave and near-THz frequencies. I first demon-
strate compact EBG resonators at mm-wave frequencies up to W-band [5]. These fully aerosol
jet-printed resonators are compact and demonstrate the capability to increase functional density by
integrating such components as filtering or matching functional blocks in fully aerosol jet-printed
electronics and packages. Then, I show fully aerosol jet-printed TLs on non-planar structures of
height up to 5 mm, that operate up to 110 GHz [6]. Finally, I demonstrate fully aerosol jet-printed
TLs and stubs that operate from 140 to 220 GHz. The work shown in this chapter demonstrates the
potential for AJP-enabled SiP/SoP interconnect strategies on non-planar surfaces and at near-THz
frequencies, as well as the capability to integrate highly compact filtering and matching structures

in such strategies.

4.1 EBG Resonators

The first part of this chapter discusses compact, fully aerosol jet-printed components at mm-

© 2021 IEEE. Section 4.1 is based on "X. Konstantinou, M. T. Craton, J. D. Albrecht and J. Papapolymerou,
"Aerosol Jet 3D-Printed Compact EBG Resonators," 2021 IEEE 71st Electronic Components and Technology Con-
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wave frequencies, and specifically focuses on aerosol jet-printed EBG resonator structures that
can be used as bandstop structures integrated into packages. In recent decades, microwave and
mm-wave periodic structures have been of great interest thanks to their filtering capability. These
structures are oftentimes called "electromagnetic crystals" or "electromagnetic bandgaps" and have
a similar behavior with photonic bandgaps. In effect, they can very readily deter microwave signal
propagation at specific frequency bands, featuring high rejection levels [108, 109]. Hence, they
have been used extensively in components for surface wave, harmonics, and higher-order mode
suppression in microwave circuits [110].

To date, EBG structures have been predominantly fabricated via conventional methodologies,
either patterned on metal layers or embedded in semiconductor substrates. These structures have
been utilized to realize directive and wearable antennas [111,112], as well as filters [110,113,114].
Despite the wide range of applications for EBG filtering components, there has been a deficiency
of use of AM technologies to manufacture them. Since one of the goals of SiP/SoP via AM, and
specifically via AJP, is to increase functional density in circuits, it would be beneficial to show that
fully printed EBG structures are possible and can be integrated into mm-wave SiP/SoP strategies.

In this section, I demonstrate fully aerosol jet-printed EBG structures at microwave and mm-
wave frequencies. I design, fabricate, and measure EBG resonant blocks incorporated into FGC
TLs, at three different bands: Ka-, V-, and W-band. PI ink is printed as the dielectric substrate,
while Ag ink is printed to realize all conductive patterns. The printed structures are compact, with
the printed Ag for the W-band resonator having an area of ~ 0.4 mm?. This work demonstrates
the potential for fully aerosol jet-printed resonant and filtering components integrated into printed

packages for applications at mm-wave and beyond.

4.1.1 Design

The designed EBG structures include EBG resonant blocks incorporated into FGC TLs, with the

latter enabling probing with ground-signal-ground (GSG) probes. The designed resonant blocks

ference (ECTC), 2021, pp. 2308-2313, doi: 10.1109/ECTC32696.2021.00361", with permission.
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Figure 4.1: Detailed top view of the generic designed resonator in ANSYS HFSS®, featuring the
design parameters tabulated in Table 4.1 per resonator type. From [5] ©2021 IEEE.

are "loaded" EBG structures, as defined in [115], each one consisting of two parallel structures
of a transverse slot that extends perpendicularly from the FGC line-to-ground gap leading to an
aperture, and a ring within the aperture. The latter forms a second aperture and a ring slot, as shown
in Fig. 4.1. In this "loaded" resonator configuration, the lumped capacitance and inductance, and
hence the resonant frequency, are mainly determined by the slot features, the width of the ring, and
the sizes of the two apertures. As discussed in Chapter 2, FGC lines have certain advantages over
CPW lines, such as a more compact size and the deterrence of parasitic parallel-plate waveguide
modes, and thus I chose them for this application.

I designed three resonators, types A, B, and C, with corresponding resonant frequencies in the
Ka-, V-, and W-band, respectively. All design and optimization was done in ANSYS HFSS®. The
generic structure design is shown in Fig. 4.1, and design parameters for each resonator type are

shown in Table 4.1.
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Table 4.1: Design Parameters for the Manufactured Resonator Types A, B, and C

Size per resonator type (mm)

Ref. Description
A B C
a 0.077 0.077 0.065 Line width
b 0.07 0.07 0.04 Vertical line-to-ground gap
c 0.3 0.3 0.2 Line length
d 0.04 0.04 0.04 Transverse slot width
e 0.712 0.232 0.072 Transverse slot length
f 0.077 0.077 0.065 Horizontal ground width
g 0077 0.077 0.065 Horizontal Line-to-ground
gap
h 0.09 0.09 0.08 Ring hole diameter
i 0.05 0.04 0.04 Ring slot width
] 0.04 0.04 0.03 Silver ring width
k 3 2 1.5 Total package length
1 3 2 1.5 Total package width

From [5] ©2021 IEEE.

4.1.2 Fabrication

The components were fabricated fully via AJP using an Optomec Aerosol Jet 5X printer [116]. I
used PI ink to fabricate the dielectric substrate for the resonators on a 0.5-mm thick 85% Mo 15%
Cu alloy carrier, and Ag nanoparticle ink to fabricate the conductive patterns on the PI. During
the fabrication, the ambient temperature in the printing chamber ranged from 25 to 27 °C and the
relative humidity from 34 to 36 %. The PI ink consisted of PI-2611 (HD Microsystems) diluted
to 40 vol.% PI-2611 + N-Methyl-2-Pyrrolidone (NMP) (Sigma Aldrich). Cured PI-2611 has an
€, = 2.9and atan § = 0.002. The Ag ink consisted of 25 wt.% Clariant Prelect TPS 50 + DI water.
Immediately prior to printing PI, I applied the VM651 adhesion promoter (HD Microsystems) to
improve adhesion. I first printed 8 layers of PI ink to attain a 10-pum thickness. These layers were

then soft baked at 200 °C in N, for a 2 min, with a 2 °C maximum temperature gradient and a
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Figure 4.2: Overview of a MoCu carrier with manufactured resonators. From [5] ©2021 IEEE.

rise time of ~ 90 min. I then printed an additional 18 layers of PI to achieve a total target PI
thickness of 30 pm post-curing. A final hard bake was done at 295 °C in N, for a 30 min, with a
2 °C maximum temperature gradient and a rise time of ~ 138 min. In-between processing steps,
all samples were kept under vacuum to deter moisture absorption and mitigate air bubbles trapped
in the uncured PI. The final step was to print Ag on the cured PI, followed by a sintering thermal
processing in air at 180 °C for 5 h. Detailed steps of the fabrication process for these resonators,
including printing parameters, are included in Appendix C. The fabricated resonators on MoCu are

shown in Fig. 4.2.

4.1.3 Results

The first set of measurements was in regards with the thickness of the printed materials for the
resonators. I took thickness profiles of a type-B resonator using a NanoMap-500LS surface pro-
filometer. The thickness profiles were taken across the paths shown in Fig. 4.3 and are shown in
Fig. 4.4. The measured and target thicknesses are shown in Table 4.2. Additionally, a thickness
scan of the resonator in 3D is shown in Fig. 4.5. The surface roughness of the PI in paths B-B’ and

C-C’ has a roughness arithmetic mean deviation (Ra) of ~ 10.4 um.
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2 mm

Figure 4.3: Close-up top view of a manufactured type-B resonator, with detailed view of the thick-
ness measurement profile paths. From [5] ©2021 IEEE.
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Figure 4.4: Measured thickness profile of a manufactured type-B resonator along paths featured in
Fig. 4.3: (a) path A-A’, and (b) paths B-B” and C-C’. From [5] ©2021 IEEE.
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Table 4.2: Measured Thickness of Printed Materials

. Target Thickness Measured Thickness
Material
(um) (1m)
Thin PI 10 8
Thick PI 20 22
Total PI 30 30
Silver 5 4.8

From [5] ©2021 IEEE.

(a) (b)

Figure 4.5: 3D thickness profile of a type-B resonator in (a) top view and (b) in perspective view.
From [5] ©2021 IEEE.

I then measured the RF performance of the resonators. I did all the measurements from 50 MHz
to 67 GHz using a MPI TS150-THZ Probe System, a Keysight N5227 PNA, and a pair of GGB
67A-GSG-100P picoprobes, and all the measurements from 75 to 110 GHz using VDI WR10-
VNAX extension modules and pair of GGB 120-GSG-100-BT picoprobes. In all cases, I did
a LRRM calibration using a GGB CS-5 calibration substrate to bring the measurement reference
planes to the tips of the probes, as shown in Fig. 4.3. The simulated and measured RF performance

of the resonators is shown in Fig. 4.6, with key simulated and measured metrics summarized in
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Table 4.3. For all three resonator types, the simulated and measured frequencies correlate well,
which is also the case for the insertion and return loss in the pass band. I calculated the unloaded

quality factor, ()y, of the resonators as [117]:

QL

R T

4.1)

where S5 res 18 the So; (in dB) at the resonant frequency, fies, and ()1 is the loaded quality factor:

_ fres
Afs’

QL (4.2)

where A f34p is the 3-dB bandwidth of the resonator. The simulated and measured (Qy are close, as
shown in Table 4.3.

As can be seen in Fig. 4.6, the depth of the insertion loss resonance is higher in the simulated
performance than measured, and the return loss at the resonance is measured lower than simulated.
This means that, despite the fact that simulated and measured resonant frequencies and quality
factors have adjacent values, the simulated resonators present higher suppression at f. In general,
for resonators used in BSFs, such as in this section and in [117], a deep resonance is desired at fi,
which requires a large input impedance, Z;,, to be presented by the resonator at that frequency.
Since the measured resonance is not as good as simulated, the achieved Z;, is not high enough.
This is likely due to small differences between designed and realized feature sizes. Moreover, Ag
overspray deposited on the resonator slots and apertures can contribute to lower Z;,. This can be
improved by making modifications of manufacturing steps, such as optimizing the distance of the
printing nozzle from the surface of printing, as well as reducing the aerosol flow rates and printing
more Ag passes instead. Furthermore, resonators with higher ()y can be designed to compensate
for any differences between designed and realized Z;,. Nonetheless, the achieved performance of
the resonators demonstrates that resonant and filtering blocks can be fully printed and be integrated

in SiP/SoP strategies to increase functional density.
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Figure 4.6: Measured vs. simulated S-parameters of the fabricated resonators (a) type-A, (b) type-
B, and (c) type-C. From [5] ©2021 IEEE.
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Table 4.3: Simulated vs. Measured Metrics for the Resonator Types A, B, and C

Value per resonator type
Metric
A B C
Slmulate?/measured 27/24.3 GHz 58/52 GHz 91/87.7 GHz
Slmulgted/measured 16.6/4.8 dB 23.5/5 dB 26.5/8 dB
insertion loss at fie
Simulated/measured 1.4/6.9 dB 0.6/6.3 dB 0.4/3.6 dB
return 1oss at fie
Slmulateg/measured 55/7.63 3.1/8.6 3.2/3.5

From [5] ©2021 IEEE.

4.2 UWB TLs on Non-Planar Structures

The second part of this chapter focuses on the capabilities that AJP technology affords for the
fabrication of components and packages on non-planar surfaces and structures. As discussed in
Chapter 1, albeit there has been increased interest in conformal antennas in recent years, there has
been very limited work in fabricating interconnects and packages on conformal or any non-planar
surface.

Being able to realize such electronics would benefit multiple contemporary applications. There
has been a lot of interest in integrating antennas, sensors, and other electronics on automotive and
aircraft parts, which are typically conformal or ramped structures. In the area of wearable elec-
tronics, the capability to integrate multi-functional blocks into networked devices on non-planar
structures reliably would expand the current state of the art [118-120] and bring significant ad-
vances in healthcare and the human—machine interface. In all these application fields, it would be

highly desired to develop SiP/SoP strategies that would allow the integration of active dies and

© 2021 IEEE. Section 4.2 is based on "X. Konstantinou, M. T. Craton, J. D. Albrecht and J. Papapolymerou,
"Ultra-Wideband Transmission Lines on Complex Structures via Extendable Aerosol Jet 3D-Printing," 2021 IEEE

International Conference on Microwaves, Antennas, Communications and Electronic Systems (COMCAS), 2021, pp.
103-106, doi: 10.1109/COMCAS52219.2021.9629015", with permission.
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passives into a single package manufactured on a non-planar surface. Increased functional density
to reduce the total size of the electronics and design flexibility to tailor each package to a specific
non-planar structure and application are essential in these packaging concepts.

AM manufacturing technologies can be very beneficial in this case, and AJP most of all. While
maintaining all the advantages of AM with regards to design flexibility and material availability,
AJP is uniquely capable to realize electronics on non-planar structures because it allows for print-
ing from a standoff distance of at least 10 mm away from the substrate without any loss in printing
resolution, attaining feature sizes down to at least 10 um. This attribute can be highly beneficial
when printing over non-planar structures of significant size, and is not afforded by other AM meth-
ods such as IJP. To date, most of the research on AM technologies has focused on manufacturing
on either planar and rectilinear surfaces or on non-planar structures smaller than 1 mm. This chap-
ter expands on the state of the art by demonstrating ultra-wideband (UWB) mm-wave components
on larger non-planar structures. For the first time, I demonstrate the realization of UWB mm-wave
TLs, fabricated fully via AJP (both dielectric substrates and conductive patterns printed), on con-
formal and ramped metal structures with non-planar features of different heights ranging up to 5
mm. PI ink was printed to form the dielectric substrate, while Ag nanoparticle ink was printed to
form all conductive layers. The RF performance was measured from 50 MHz to 67 GHz and from
75 to 110 GHz. The fabricated parts demonstrate very good results which are relatively insensi-
ble to the shape and size of non-planar features, showing that AJP is a potentially very powerful
tool in manufacturing electronics on non-planar, complex surfaces and structures for a variety of

applications.

4.2.1 Design

The design procedure is as follows. First, I designed two metal carrier types, conformal (curved)
and ramped, using brass as the material, in ANSYS HFSS®, with non-planar feature heights of 2
mm and 5 mm. I then designed the PI dielectric substrates and the Ag TLs on the brass carriers.

The TLs consist of GCPW launches that transition to MS TLs by means of via-less GCPW-to-
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(b)

Figure 4.7: (a) Top view of the designed TLs, featuring the GCPW TL, the via-less GCPW-to-MS
transition, and the MS TL, in ANSYS HFSS®, and (b) exploded view of the TL on a conformal
brass carrier, with overview of the basic fabrication steps (I-III). From [6] ©2021 IEEE.

MS transitions. The GCPW launches enable testing using standard GSG probes, and they feature
grounding straps to the brass for improved performance near DC. All TLs are designed to have a
50-2 match. After the basic TL structures were designed, I intergrated longer TLs on the brass
carriers and optimized them in ANSYS HFSS®. Key design parameters are shown in Fig. 4.7 and

summarized in Table 4.4.
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Table 4.4: Design Parameters for Manufactured TLs

Size per nonplanar feature type and height

Ref. 2-mm 2-mm 5-mm 5-mm Description
curve ramp curve ramp
a (mm) 0.620 0.620 0.734 0.734 GND width
b (mm) 0.984 0.984 1.2 1.2 PI width
¢ (mm) 0.040 0.040 0.037 0.037 GCPVZ;;_GND
d (mm) 0.100 0.100 0.100 0.100 GCPW TL length
e (mm) 0.020 0.020 0.020 0.020 GCPW-to-MS
transition length
GCPW and MS
f (mm) 0.060 0.060 0.060 0.060 TL width
Total (GCPW +
g (mm) 9.97 12.31 13.85 15.61 MS) TL length
Total package
h (mm) 9.96 12.46 9.93 11.93 lateral length
. Nonplanar
{ (mm) 2 2 > > feature height
. Carrier base
j (mm) 1.5 1.5 1.5 1.5 thickness
0 (deg.) 40 30 65 60 Curve/ramp

tangential angle

From [6] ©2021 IEEE.
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4.2.2 Fabrication

The basic steps of the fabrication procedure are shown in Fig. 4.7b. The first step was to form the
desired brass carrier shapes. Bulk rectangular brass parts were cut down to a desired thickness, and
then conformal and ramped features were CNC-machined on the brass utilizing the 3D profiles
I created in ANSYS HFSS®. The brass part cutting and CNC machining was done by Brian
Wright at MSU. I then mechanically polished the parts. A 60-nm titanium (Ti) coating was then
sputtered on the brass surface (by Brian Wright) to act as an adhesion layer for the PI and deter
brass oxidation during the subsequent fabrication steps.

The PI ink printed to form the dielectric layers was composed of PI-611 (HD Microsystems)
diluted to 40 vol.% PI-2611 + NMP (Sigma Aldrich). The Ag ink consisted of 25 wt.% Clariant
Prelect TPS 50 + DI water. All inks were printed using an Optomec Aerosol Jet 5x printer [116]
from a standoff distance of 8 mm from the top surface of the carrier base, which was the lowest
printing point. Immediately before printing PI, I applied the VM651 adhesion promoter (HD
Microsystems) to improve the adhesion of the PI to the Ti/brass surface. First, I printed 4 layers of
PI ink to get a 5-pum thickness. These layers were then soft baked at 200 °C in N for a 2 min. I
then printed an additional 18 layers of PI to get a total target PI thickness of 25 wm post-curing. A
final hard bake was done at 295 °C in Ny for a 45 min to fully imidize the printed PI. The final step
was to print the Ag TLs on the cured PI, which were then sintered in air at 180 °C for a 5 h. Details

of the manufacturing process are included in Appendix C. The final parts are shown in Fig. 4.8.

4.2.3 Results

I first took measurements of the surface profile of the fabricated TLs using a NanoMap-500LS
surface profilometer. The printed thin PI with a target thickness of 5 pm was measured to be
4.5-um-thick, while the thick PI with a target thickness of 20 um was measured to be 18.5-pum-
thick, giving a total PI thickness of 23 um. The printed Ag with a target thickness of 4 pm
was measured to be 4.2-um-thick. I also took roughness profiles of the Ti/brass surface in two

different areas on conformal and ramped carriers, away and near the curve/ramp edge, as shown

54



(b)

Figure 4.8: Perspectives of fabricated TLs on conformal (left) and ramped (right) brass carriers
with 5-mm high nonplanar features. From [6] ©2021 IEEE.

in Fig. 4.9 (profiles #1 and #2, respectively). I took multiple measurements of the same profiles in
different areas of both conformal and ramped carriers and then averaged the results. The Ti/brass
surface away from the curve/ramp edge was found to have an average roughness arithmetic mean
deviation (Ra) of 0.20 um with a peak-to-peak surface variation of 1.6 pm, while the surface near
the curve/ramp edge had a roughness Ra of 0.95 um with a peak-to-peak surface variation of
5.5 um, demonstrating a higher surface roughness near and on carrier edges, as expected. This
increased surface roughness in certain areas of the brass parts can contribute to increased losses

comparing to the simulation, especially in the W-band.
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Figure 4.9: Detailed view of the roughness profile measurement areas near the curve edge on a
conformal carrier. From [6] ©2021 IEEE.

I then measured the RF performance of the TLs from 50 MHz to 67 GHz using a MPI TS150-
THZ Probe System, a Keysight N5227 PNA, and a pair of GGB 67A-GSG-100P picoprobes, and
from 75 to 110 GHz utilizing VDI WR10-VNAX extension modules and using a pair of GGB 120-
GSG-100-BT picoprobes. The measurement setup for W-band is shown in Fig. 4.10. In all cases,
I performed LRRM calibration using a GGB CS-5 calibration substrate to bring the measurement
reference planes to tips of the probes, as shown in Fig. 4.9. The simulated and measured small-
signal RF performance for the TLs on 2- and 5-mm high conformal carriers is shown in Fig. 4.11,
and for ramped carriers in Fig. 4.12. For each carrier type, the insertion and return loss for the two
different heights are very close. The insertion loss is kept below 1 dB/mm up to 110 GHz and S1;
below -10 dB at most frequencies. All TLs were printed from the same standoff distance of 8 mm,
thus the fabrication process is demonstrated to be extendable from planar surfaces to non-planar
features up to at least 5 mm without any loss in printing resolution, as the parts RF performance is
only minimally affected by the change in non-planar feature size. Printing on larger features can
be achieved by printing from a larger standoff distance while simultaneously adjusting the printer

flow rates detailed in Appendix C to focus the aerosol stream to the lowest printing point.
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(b)

Figure 4.10: Measurement setup for W-band: (a) top view, and (b) side view.

The achieved line loss (in dB/mm) is compared to that of other additively manufactured com-
ponents in Table 4.5. The parts realized in this work perform similarly or better than other state-
of-the-art additively manufactured components on either planar surfaces or non-planar features of
much smaller size. Additionally, the parts shown here achieve the widest operational frequency
range of all from near-DC up to 110 GHz, only shown in [121]. These parts are, to the best of my
knowledge, the only example of UWB mm-wave components manufactured fully additively on
non-planar structures with features larger than 1 mm, and demonstrate for the first time a printing

technology extendable to accommodate non-planar features of size up to at least 5 mm.
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Figure 4.11: Measured vs. simulated S-parameters of the fabricated TLs on the conformal carriers:
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(a) 2-mm and (b) 5-mm features. From [6] ©2021 IEEE.
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Table 4.5: Comparison with state-of-the-art AM components

Ref Fabrication Apolication Non-Planar Line Loss
) Process pp Structure (dB/mm)
0.26 (20 GHz),
UWB Yes! 0.49 (60 GHZ)Z
This work AJP interconnects on 0.67 (90 GHz)
non-planar .
structures “ 0.34 (20 GHZ);
Yes 0.51 (60 GHz),
0.75 (90 GHz)"
Delage et . TLs on ceramic i 0.17 (20 GHz),"
al. [122] AJP on ceramic substrates Yes 0.4 (60 GHz)"™
Filter on
Hester et . N/A (stopband
_ §
al. [123] AJP, SLA multi-curve Yes 6-14 GHz)
substrate
Qayyum et AJP on UWB q
al. [121] Verowhite/LCP interconnects Yes 0.49 (110 GHz)
Interconnects on 0.64 (90 GHz),"
Ihle et al. [68] AJP on LTCC GaAsTt No 0.8 (140 GHz)
Intercgm[fi? on No 0.45 (24.5 GHz)
Tehrani et TP ans
al. [65] .
nterconnects on
GaAgSs No 0.57 (24.5 GHz)

* Avg. loss of conformal and ramped cases; " approximated for comparison;

f2-mm and * 5-mm high conformal and ramped features;

+500-um high 3D-printed ceramic ridge; ® 2.6-mm high 3D-printed "roller-coaster" features;
9200-um high 3D-printed Verowhite trapezoid; T GaAs CPW die; ¥ GaAs 0-dB attenuator die;
* GaAs LNA die.

From [6] ©2021 IEEE.
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4.3 Components at 140-220 GHz

The final section of this chapter focuses on fully aerosol jet-printed components at near-THz fre-
quencies. As discussed at the beginning of the chapter, additive manufacturing for electronics
above the W-band has had only limited growth. There is enormous interest for electronic compo-
nents and packages at near-THz and THz, mainly because there are large bandwidths available at
those frequencies, but also due to the demand for higher sensing precision. Nevertheless, design
becomes increasingly difficult as frequencies increase beyond the W-band, as wavelength become
very small and the performance issues introduced by chip-and-wire and flip-chip interconnects
worsen. Therefore, the design flexibility afforded by SiP/SoP strategies fully via AM, and specifi-
cally via AJP, can assist in such design efforts.

To the best of my knowledge, there have been no reports of fully aerosol jet-printed compo-
nents above the W-band. To date, at these frequencies, AJP has only been employed alongside
conventional methods and exclusively to deposit metal layers on pre-manufactured dielectric or
LTCC substrates. Cai et al. [124] showed the first D-band TLs by printing Ag on LCP. Ihle et al.
printed Ag TLs on LTCC up to 320 GHz in [125] and D-band Ag interconnects on a GaAs die on
LTCC while dielectric ramps where formed via MD in [68]. I conclude this chapter by showing
the first fully aerosol jet-printed passives above 110 GHz. I use AJP to print both dielectrics and
metals in order to realize MS TLs and radial stubs at 140-220 GHz that utilize GCPW launches
and vialess GCPW-to-MS transitions. The results demonstrated here show the potential of AJP as

a tool for developing SiP/SoP strategies for highly integrated electronics at near-THz and beyond.

4.3.1 Design

The designed components are divided into two sets, namely Zones 1 and 2, with two different
dielectric substrate thicknesses. PI was used as the material to design the dielectric substrates
and Ag to design all conductive layers, while MoCu is used for the bottom ground plane. The

components are TLs and radial stubs and were designed along with respective thru-reflect-load
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Thin PI——
Thick PI —~

Figure 4.13: Top view of the designed components, with annotated dimensions: TL (top), and
radial stub (bottom), with bottom ground everywhere.

(TRL) calibration standards for each zone. I designed both TLs and stubs by starting with the
GCPW launches and then incorporating the MS TLs and the via-less GCPW-to-MS transitions.
For the radial stubs, the stub opening is at the end of a MS TL. All TLs were designed to have a
50-Q2 match. The components were simulated in ANSYS HFSS®, and important design parameters
are defined in Fig. 4.13 and summarized in Table 4.6. All designs and simulations were verified
with assistance from Xing Lan at Space Systems, Northrop Grumman Corporation. The TRL

calibration standards specifically were designed by Xing Lan.
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Table 4.6: Design Parameters for Components at 140-220 GHz

Size per feature

Ref. Description
Zone 1 Zone 2

a (mm) 0.309 0.309 GND-thin PI edge distance
b (mm) 0.163 0.163 GND-thick PI edge distance
¢ (mm) 0.050 0.050 GCPW TL length
d (mm) 0.025 0.025 GCPW—t(;lI\I/zI;htransition
e (mm) 0.750 0.750 MS TL length
f (mm) 0.040 0.070 MS TL width
g (mm) 0.040 0.045 GCPW TL length
h (mm) 0.035 0.035 GCPW TL gap
1 (mm) 0.385 0.385 GND width
J (mm) 0.045 0.045 Backside GCPW TL gap
k (mm) 0.200 0.200 Radial stub MS TL length
I (mm) 0.345 0.353 Radial stub length
m (mm) 0.033 0.033 Radial stub input width
0 (deg.) 45 45 Angle subtended by stub

4.3.2 Fabrication

The first step of the fabrication process was to prepare a MoCu (85% Mo 15% Cu) carrier plate
via mechanical polishing to act as the bottom ground plane. Before printing PI and to improve
the adhesion of printed PI with the MoCu surface, I applied the VM651 adhesion promoter (HD
Microsystems). I then printed some initial PI layers (thin PI) to get a target thickness of 5 pm.
These first layers served as an adhesion layer, which was crucial to avoid delamination of the PI
from the MoCu surface. I did a soft bake for these PI layers at 200 °C in N5 for 2 min. Then,
I printed additional 20 um of PI (thick PI) for a total thickness of 25 wm for the components in
Zone 1, and another 10 pum of PI for the components in Zone 2 for a total thickness of 35 pm.
I then did a hard bake at 295 °C in Ny for 1 h to fully imidize all the printed PI layers. I finally

printed 3 pum of Ag, followed by a sintering thermal process at 180 °C in atmosphere for 5 h.
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Zone #2

L

Figure 4.14: Pictures of fabricated components on a MoCu carrier: a TL (top left) and a radial stub
(top right) in Zone 2, and overview of fabricated components and calibration structures (bottom).

For all thermal processing profiles I maintained a temperature gradient of less than 2 °C/min, and
in-between printing and thermal processing all samples were kept under vacuum to mitigate air
bubbles trapped in uncured PI and deter moisture absorption by printed PI and oxidation of printed
Ag. Details of the manufacturing steps are included in Appendix C.

As all aerosol jet-printed components demonstrated in this chapter, the components shown here
were fully fabricated using an Optomec Aerosol Jet 5X Printer [116]. The PI ink was composed
of PI-2611 (HD Microsystems) diluted to 40 vol.% PI-2611 + NMP (Sigma Aldrich). The Ag ink
was composed of 25 wt.% Clariant Prelect TPS 50 + DI water and was mixed under ultrasonication
for 30 min prior to printing. The MoCu carriers were placed on a heated stage while printing so
that the printed materials dry soon after deposition. The stage temperature was kept low enough
so that the inks do not begin to cure or sinter. The fully manufactured components are shown in

Fig. 4.14.
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Figure 4.15: Overview of the measurement setup at Space Systems, Northrop Grumman Corpora-
tion: PNA and 140-220 GHz extenders (left and right), and a carrier with fabricated components
under test using GSG probes (middle). Used with permission.

4.3.3 Results

I first took profile measurements for the fabricated components with a NanoMap-500LS surface
profilometer. The total PI in Zone 1 with a target thickness of 25 pm was measured at 23 um, while
in Zone 2 a target thickness of 35 um was measured at 32 um. The Ag thickness with a target of
3 um was measured at be 2.7 pm. Before printing Ag, I measured the actual PI thicknesses and
adapted the designs in ANSYS HFSS® accordingly.

All RF measurements were performed by Khanh Nguyen and Alfonso Escorcia at Space Sys-
tems, Northrop Grumman Corporation using a Keysight PNA N5227B, OML VO5VNA2 mm-wave
frequency extenders, and 220-GSG-75-BT waveguide picoprobes with a 75-um pitch by GGB In-
dustries Inc. The measurement setup is shown in Fig. 4.15. A set of TRL calibration standards
were fabricated alongsidethe TL and stub structures on MoCu carriers, which covered a 8:1 band-
width ratio that fully accommodated the frequency range of interest. Post-calibration, the reference
planes were at the ends of the reflect standards, thus (¢ + d + k) away from the GCPW TL edge
as defined in Fig. 4.13. Sonnet® was used to derive the calibration coefficients. The TLs were

measured from 140 to 220 GHz and performed well, with the measured results correlating well
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Figure 4.16: Measured and simulated S-parameters of the fabricated components after TRL cali-
bration: (a) TLs and (b) radial stubs.
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Table 4.7: Comparison with State-of-the-Art mm-Wave and Near-THz Compo-

nents
Ref. Process Application I{;;;;;ﬁf)s
This work AJP TLs :211_14;0-220 ggg ggg gg;;::
1.64 (200 GHz)"!
Khan et al. [126] | COMMONON | ppanaris | 918 ((1117% g}glzz))
ngr?lli;‘]” AJP on PI Dband TLs | ("7 ((1117% CC}}PPIIZZ))
Cai et al. [124] AJP on LCP D-band TLs %“3551 ((1117% g}ézz))
Thie e al. [125] | AJPonLTCC | & i 32001 0.8 (280 GHz)
Thle et al. [68] | AJP on LTCC Imercggf:“ on %_684( ﬁ% ?}I:IZZ))#
Q;lyﬁ;nl ]‘” Veroévjkllait(;?L op UWB TLs 0.49 (110 GHz)
Piekarz et al. [53] AJP W-band TLs ffg ((19 ?oGélﬁl:;

*Loss of GCPW TLs + GCPW-to-MS transition has been removed; average of TLs in Zones 1
and 2; * approximated for comparison; $ avg. loss of conformal and ramped cases.

with simulated, as shown in Fig. 4.16a. The average line loss of Zones 1 and 2 varies from 0.86
to 2.6 dB/mm. The radial stubs, measured from 200 to 220 GHz, also performed well and close to
the simulations, as shown in Fig. 4.16b.

The components demonstrated here are, to the best of my knowledge, the only example of fully
aerosol jet-printed components above 110 GHz. The only other component realized entirely via
AJP at an adjacent frequency band was demonstrated in by Piekarz et al. in [53], with a demon-
strated loss above 1.6 dB/mm at 110 GHz. The TLs I demonstrated maintain an average loss of less
than that up to at least 200 GHz. As shown in Table 4.7, TLs demonstrated in [124,126,127] yield

lower loss, but these examples employed hybrid approaches with printed Ag on pre-manufactured
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substrates and are not able to accommodate SiP/SoP strategies for system integration via AJP. Fur-
thermore, the loss shown here can be reduced by curing dielectrics at higher temperatures, as well

as by using Ag inks with conductivity closer to the one for bulk Ag.

4.4 Conclusion

This chapter addresses some of the deficiencies in the current state of the art in additively manufac-
tured components and interconnects at mm-wave frequencies and beyond. Specifically, I focused
on the need for compact filtering functional blocks that can be integrated into fully printed pack-
ages, the lack of fully printed components and packages on non-planar surfaces, as well as the lack
of fully printed components operating above the W-band. These deficiencies were addressed by
demonstrating certain components manufactured fully via AJP. I first demonstrated compact EBG
resonator structures in various mm-wave bands that can be used in BFSs in SiP/SoP strategies. |
then demonstrated the first attempt for fully printed interconnects on complex and ramped struc-
tures with sizes above 1 mm, operating up to W-band. Finally, I showed the first fully aerosol

jet-printed components above the W-band, at 140-220 GHz.
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CHAPTER 5

AJP-ENABLED CHIP-FIRST PACKAGING

In chapter 4, I addressed some of the deficiencies in additive manufacturing for RF interconnects
and packages, and specifically in the areas of interconnects on non-planar surfaces and at near-THz,
by demonstrating fully aerosol jet-printed passives, which showed the potential for SiP/SoP con-
cepts in such scenarios via AJP. In this chapter, I focus directly on the development of AJP-enabled
SiP/SoP strategies and their applications. As discussed in Chapter 1, AJP-enabled strategies came
to address bottlenecks in conventional methodologies as well as in other AM technologies for
interconnects and packaging.

Albeit the strategies via AJP demonstrated in the literature brought about significant advance-
ments in performance, design flexibility, and functional density, they did not address certain chal-
lenges and areas, such as accommodating the use of a variety of dielectric materials or packaging
of high-power dies. In this chapter, I demonstrate SiP/SoP strategies that address such deficiencies.
I first show the development of basic strategies for packaging at mm-wave, realized fully with the
use of AJP, that can be a reliable alternative to other AJP-enabled strategies demonstrated in the
literature [7]. I then utilize one of those strategies to realize a SOA transmitter module, printing
the entire package on an antenna operating in the Ku-band, showing that this strategy can be used
for system integration. The work in this chapter will be extended in Chapter 6, in which the SiP/-
SoP strategy used for the SoA will be improved, will incorporate a diamond platform, and will

additionally demonstrate high-power RF performance.

5.1 Chip-First Packaging Strategy

The first part of this chapter focuses on the development of SiP/SoP strategies via AJP for system

integration at mm-wave frequencies. As discussed in Chapter 1, conventional SiP/SoP strategies

© 2021 IEEE. Section 5.1 is based on "X. Konstantinou et al., "Flexible Chip-First Millimeter-Wave Packaging
Using Multiple Dielectrics," in IEEE Transactions on Components, Packaging and Manufacturing Technology, vol.
12, no. 4, pp. 682-691, April 2022, doi: 10.1109/TCPMT.2022.3160626", with permission.
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predominantly utilize chip-and-wire interconnect techniques, either with wire or ribbon bonds [29],
or, more recently, flip-chip interconnects [44]. All these approaches come with disadvantages that
can introduce performance bottlenecks, especially at mm-wave frequencies, such as impedance
discontinuities at the RF path over the bond wires/ribbons, or the risk of detuning and parasitic
coupling in the case of flip-chip. Furthermore, none of these methodologies allows for the design
and material flexibility afforded by approaches via AM.

AM technologies have been proven as a viable alternative to conventional SiP/SoP strategies,
with the potential to replace them entirely. Amongst AM techniques, AJP has been proven uniquely
capable of providing SiP/SoP solutions compatible with heterogeneous integration and with per-
formance at mm-wave and beyond. Unlike other AM methods such as [JP, AJP allows for material
deposition from a standoff distance up to 10 mm away from the substrate without resolution loss.
This enables printing on multi-level structures and non-planar structures, as well as the manufac-
turing of complex packages with multiple layers of different dielectric and conductive materials
in a very small area. These capabilities can be used to print packages on non-planar surfaces and
packages with multi-die stacks, which would be challenging with other AM methods.

There has been demonstration of plenty of SiP/SoP strategies via IJP and with combination
of conventional techniques with AM, including with AJP. IJP has been used in [63, 65]. A com-
bination of FDM, MD, and LMM was used in [67]. Combinations of AJP with conventional
methods were used in [68—71]. However, all these approaches employ either multiple methods or
pre-manufactured substrates with printing to realize the package. The SiP/SoP chip-first strategy
demonstrated in [64,66,72,74,75], in contrast, employed only AJP to manufacture the entire pack-
age around the die, as well as capacitors and antennas in-package. There are certain challenges,
though, that this strategy left unaddressed. The challenge addressed in this section has to do with
adhesion issues at the die-dielectric interface. PI ink alone was used to fabricate the dielectric
substrate for the packages. PI is prone to delamination from the the die at elevated temperatures
during thermal curing, as discussed in [128], which is a significant reliability issue. A dielectric

delamination requires re-work by means of additional PI deposition to fix the die-dielectric inter-
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face prior to printing metal interconnects. Even if re-printing fully covers the sides of the die, the
interconnects in those areas can be prone to failure under high-stress conditions or if temperature
rose again. Hence, it is important to have other AJP-enabled strategies available, as an alternative,
that will allow to explore different materials for printing in-package dielectrics that will reliably
support RF interconnects for high-stress applications. These strategies need to be flexible enough
so that the dielectric material choices can be tailored to a specific application. Another challenge,
which is to demonstrate that the packages are compatible with high power, will be addressed in
Chapter 6.

In this section, I demonstrate two chip-first packaging strategies via AJP that yield RF per-
formance comparable to, or better than, previously shown AM interconnects and packages, but
additionally are material-flexible, overcoming adhesion challenges at the die-dielectric interface. I
show the printing of dielectric materials of different viscosities and ensure that these packages pro-
vide high functional density but also optimal support for RF interconnects. As previously demon-
strated chip-first SiP/SoP strategies, the ones shown here are highly adaptable and can be used for

multiple die system integration.

5.1.1 Design

I demonstrate two different package design approaches that follow the fundamental concept of
the chip-first strategy first shown in [66], but have significant differences. My goal is to yield
application-specific SiP/SoP strategies that build on the basic concept of the chip-first approach,
employing its flexibility and adaptability, but simultaneously enable the use of different dielectric
materials in close proximity of the die in order to avoid adhesion issues on the die-dielectric inter-
face. I designed the packages to be manufactured fully via AJP around a COTS die which is placed
first on a metal carrier using solder ribbon. The first approach (approach 1) includes elements from
the strategy demonstrated in [71], in which dies were placed in pre-manufactured substrate cav-
ities, PI walls were printed around the cavities, and BCB was printed as a filler material and to

support RF interconnects. In my approach, in contrast, the die is placed first on a metal carrier
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Figure 5.1: Cross-sectional illustration of the two chip-first packaging strategies, with target thick-
nesses in mm: (a) approach 1, and (b) approach 2. From [7] ©2022 IEEE.

and all dielectrics and metals are manufactured around it fully via AJP. As shown in Fig. 5.1a, the
PI wall extends to PI layers that act as the dielectric for the TLs, and BCB is used to fill the area
between the die and the PI wall. The interconnects are designed to be printed on the die pads,
over the edge of the die, and over the BCB and the PI wall, and then extend to TLs. On the other
hand, approach 2, as shown in Fig. 5.1b, is an adaptation of the strategy demonstrated in [66], in
which I replace the PI ramps/fillets with BCB ramps. The interconnects are to be printed on the die
pads, over the edge of the die, and over the BCB ramps, and then extend to TLs. In both of these
strategies, a PI path is designed to be printed on the edge of the die to smoothen the transition from
the die to the BCB and deter unwanted diode effects between the printed metal and GaAs in the
die [69].

All conductive paths were designed to be printed using Ag ink and consist of GCPW TLs that
lead to MS TLs by means of via-less GCPW-to-MS transitions.The metal carrier is MoCu and acts

as a ground reference for the die and printed circuits. The GCPW launches allow for probing with
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standard GSG probes and have additional grounding straps to the MoCu carrier for improved near-
DC performance. I designed the TLs to have a 50-€2 match and the via-less GCPW-to-MS tran-
sitions as demonstrated in [107]. I chose 0-dB and 3-dB attenuator bare dies (KAT-0-DG+ [129]
and KAT-3-DG+ [130], by Mini-Circuits) to be packaged, both of which have an operational fre-
quency range of 0-43.5 GHz and dimensions of x4 = 0.70 mm X wg = 0.75 mm X hg = 0.1 mm.
Approach 1 was used for the 3-dB attenuator and approach 2 for the 0-dB attenuator. I designed
the packages to be fabricated on 0.5-mm-thick 85% Mo 15% Cu alloy plate in order to match the
CTE of the GaAs dies.

Details of each design follow. In approach 1, the gap between the die and the PI wall has a
rectangular footprint with dimensions of z, = (x4 + 0.5 mm) x w, = (wq + 0.5 mm), so there is
a gap of 0.5 mm between the die and the PI wall. This gap is to be filled with printed BCB traces
of widths between 40 and 70 wm without space limitations. Reducing this gap below 0.15 mm
requires smaller BCB trace widths, which might be hard to achieve with AJP, while increasing it
leads to longer interconnects and higher losses. The BCB to-be-printed was designed to have a
thickness of hgcg = hq = 0.1 mm to account for the die being slightly raised by the solder ribbon
and to avoid covering the die surface with BCB while printing. 1 designed the PI wall with a
footprint of z, = (x4 + 0.25 mm) X wy, = (wy + 0.25 mm), hence a total width of 0.25 mm on all
sides. The area near the inner edge of the PI wall was designed to be printed thicker with more
print passes, while I gradually reduced the number of passes moving towards the outer edge of
the wall to achieve a smooth ramp from the wall peak to the PI acting as a dielectric substrate
for the TLs. The wall peak was designed to have a thickness of Iy, = 1.2 X hgcg = 0.12 mm,
ensuring the printed BC will not overflow it. In approach 2, the BCB ramp area was designed
with a footprint of z, = (x4 + 0.15 mm) x w, = (wg + 0.15 mm). The small width of 0.15 mm
is enough to form smooth ramps while the interconnects are kept short to minimize losses. Both
approaches can be used to package dies of different thicknesses hy and areas x4 X wy, provided
that the design fundamentals detailed here are followed.

An important design feature of the designed packages are the shaped conformal ramp intercon-
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Figure 5.2: Top-down view of the design layout for both approaches, with dimensions in mm: (a)
approach 1, and (b) approach 2. From [7] ©2022 IEEE.
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Figure 5.3: Illustrations in ANSYS HFSS®: (a) overview the package for the two approaches, and
(b) close-up view of the designed shaped interconnects. From [7] ©2022 IEEE.
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nects, which were first demonstrated in [74,75]. These interconnects are shaped on the PI wall,
BCB fill area and ramps, and on the die edge PI, respectively, to prevent impedance discontinu-
ities, making the interconnects frequency-agile. For approach 1, the MS TL widens to the width
of a 50-(2 MS TL on the 120-pum PI, then narrows to the right width for 100-um BCB, and finally
narrows down to the width of the COTS die pad. Respectively, for approach 2, the MS TL widens
to the width of a 50-€2 MS TL on 100-um BCB, then narrows down to the width of the COTS
die pad. The packages were simulated and optimized in ANSYS HFSS®. The GCPW launches
were designed to extend by 0.5 mm from the edge of the thin PI to form the grounding straps with
the MoCu carrier. Design details for the two packages are shown in Fig. 5.2, an overview of the
designed packages is shown in Fig. 5.3a, and details of the interconnects are shown in Fig. 5.3b.
Prior to printing Ag, I optimized the TLs and interconnect dimensions after measuring the actual
achieved dielectric thicknesses. A 2x through line was designed for each package to allow me to
remove line loss from package measurements.

In both packaging strategies, I adjusted the package design with respect to the actual position of
the placed die. This was done by rotating the design to account for a rotation or misalignment of the
die after die attach. These strategies, being chip-first, are inherently flexible and tolerant to large
deviations and misalignment during die attach, even in the case of packages with multiple dies as
shown in [75], in which case the TLs interconnecting different dies can be designed appropriately,

such as being curved or having a serpentine shape.

5.1.2 Fabrication

The first step in the fabrication process was to prepare the MoCu (85% Mo 15% Cu) carrier plate
by mechanically polishing it. I chose MoCu for its CTE of 6.2 ppm/°C, which is close to the
GaAs die CTE of 5.7 ppm/°C. I then did die attach using 50-pum-thick 97% In 3% Ag (97In3Ag)
solder ribbon (Indium Corp.), which I first cleaned in a solution of 10 vol.% HCI + DI water. After
placing the die, I reflowed the solder ribbon in a nitrogen environment to prevent oxidation of the

MoCu.

76



The remaining of the fabrication process was to print the dielectric and conductive inks to real-
ize the packages. As mentioned earlier, Pl and BCB were utilized to print the dielectric substrates,
while Ag nanoparticle ink was used to print all conductive patterns. To improve adhesion of the
printed dielectrics, I applied the VM651 adhesion promoter (HD Microsystems) and the AP3000
adhesion promoter (Dow Chemicals) prior to printing PI and BCB, respectively. Like for the fully
aerosol jet-printed components shown in Chapter 4, the PI ink was composed of PI-2611 (HD
Microsystems [131]) diluted to 40 vol.% PI-2611 + NMP (Sigma Aldrich). Cured PI-2611 has
a published ¢, = 2.9 and tand = 0.002 at 1 KHz, with a thermal curing at 350 °C for 30 min
recommended to achieve its final properties. I chose PI-2611 amongst other PI inks due to its
low published CTE of 3 ppm/°C to match the CTE of the GaAs dies and the MoCu carrier. The
BCB ink was the Cyclotene 3022-35 resin (Dow Chemicals [132]), composed of B-staged BCB
monomers diluted in mesitylene by the manufacturer. Cured Cyclotene 3022-35 has a published
€ = 2.65 at 1-20 GHz and a tand = 0.0008. This ink has a low viscosity of 14 cSt at room
temperature, thus is a good candidate to fill the area between dies and the wall formed by the
higher-viscosity printed PI. Finally, as for all previous printed packages shown in this dissertation,
the Ag ink consisted of 25 wt.% Clariant Prelect TPS 50 + DI water. This ink was mixed under
ultrasonication for 30 min right before printing.

I printed all the packages with an Optomec 5X Aerosol Jet Printer [116] from a standoff dis-
tance of ~3 mm from the top surface of the carrier base. While printing, I kept the MoCu carrier
grounded to deter any accidental static charge building up during the aerosol deposition, which
could damage the dies. During printing, the ambient temperature ranged from 24 °C to 26 °C and
the relative humidity in the print chamber was between 35% and 40%. I made sure the stage was
heated while printing, so that the printed dielectrics and Ag dry soon after being deposited. How-
ever, I kept the stage temperature low enough to deter curing or sintering of the materials while
printing.

An overview of the printing steps follows. For approach 1, I first applied the adhesion promoter

on the entire MoCu carier using a transfer pipette, allowed it to stand for 20 sec, and then blew
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it dry with air. I then printed some initial PI layers (thin PI) to get a target thickness of 5 um.
Thereafter, I printed the initial layers of the PI wall to get a top height of 10 um. Then, I printed PI
on the die edge. All these first PI layers were printed at a speed (i.e., the nozzle travel speed when
depositing ink) of 4 mm/sec. I did a partial curing for all the initial PI layers at 200 °C for a 2 min
with a rise time of approximately 90 min and a 2 °C/min maximum temperature gradient in an inert
oven under N,. These initial PI layers acted as an adhesion layer with the MoCu surface. After
the initial PI layers were cured, I printed the rest of the PI (thick PI) layers to get a total target PI
thickness of 25 um, as well as the remaining of the PI wall layers for a target peak height of of 120
um. These layers were printed at 2 mm/sec. I then did a full curing of all printed PI at 295 °C for
a 1 h with a rise time of approximately 2 h 18 min, again with a 2 °C/min maximum temperature
gradient under Ny. The next step was to print BCB, after applying the adhesion promoter, at 2
mm/sec, to fill the area between the PI wall and the die. A full curing of the printed BCB layers
followed, at 250 °C for a 1 h with a rise time of approximately 2 h and a 2 °C/min maximum
temperature gradient under Nj.

For approach 2, I modified the printing steps to include the BCB ramps and remove the PI wall
and BCB fill from the printing process. Same as in approach 1, initial PI layers were printed first,
as well as PI on the die edge, followed by partial curing. I then printed the remaining PI, followed
by a full curing of all PI layers. I finally printed BCB on all sides of the die, at a speed of 2 mm/sec,
to form the BCB ramps.

The final step for both approaches was to print the Ag ink for the interconnects and TLs. I
printed Ag at 1 mm/sec for a target thickness of 10 um. I then sintered the printed Ag ink in air
at 180 °C for 5 h with a rise time of approximately 80 min and a 2 °C/min maximum temperature
gradient. The total printing time for a single package following approach 1 was around 78 min, and
following approach 2 was around 60 min. As for all printed components demonstrated earlier in the
dissertation, all samples were kept under vacuum in-between printing and thermal processing to
deter moisture absorption and to mitigate air bubbles trapped in uncured dielectrics. The fabricated

packages are shown in Fig. 5.4.
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Figure 5.4: Perspective of the fabricated chip-first packages and 2x through lines: (a) approach 1,
and (b) approach 2. From [7] ©2022 IEEE.

Detailed pictures of the realized interconnects for both packages are shown in Fig. 5.5 and 5.6,
taken with an Olympus BX41M microscope. For approach 1, the BCB filling the area between
the PI wall and the die forms a ramp after being cured, both on the BCB-die and BCB-PI wall
interfaces, ensuring a smooth transition for the Ag interconnect. This happens in approach 2, as
well, on the BCB-die interface, with BCB covering the side of the die completely, not allowing a
short between the interconnects and the ground. This BCB characteristic behavior allowed me to

print all inks at 90° relative to the MoCu surface, unlike in [66, 72, 74,75] wherein the PI ramps
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Figure 5.5: Microscopic 10x magnified photographs of the interconnect section of a fabricated
package following approach 1, with focus on (a) the die, (b) the BCB-filled area, (c) the PI wall,
and (d) the MS TL on PI. From [7] ©2022 IEEE.

had to be printed at a 25° to 30° angle relative to the carrier surface, from all four sides for each
individual die of the package. Therefore, apart from deterring delamination of the dielectrics from
the die, the two SiP/SoP strategies demonstrated here allow for printing ramps for all the dies in
the package with a single printing pass, which significantly simplifies the manufacturing process

comparing to the strategies shown in [66,72,74,75].
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Figure 5.6: Microscopic 10x magnified photographs of the interconnect section of a fabricated
package following approach 2, with focus on (a) the die, (b) the BCB ramps, and (c) the MS TL
on PI. From [7] ©2022 IEEE.
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Different custom versions of the demonstrated approaches are possible since they allow for
design flexibility. First, regarding the carriers on which the packages were fabricated, there is
no limitation on the carrier material, be it metal or dielectric, provided that sufficient adhesion is
ensured (for instance, by applying adhesion promoter). Additionally, as discussed in Chapter 4
and shown in [6], printing packages on non-planar surfaces is possible with AJP, and the designs
demonstrated here can be adjusted as such. There is also a lot of flexibility in terms of materials.
BCB can be replaced with other, low-viscosity inks depending on the application, while a low-loss,
higher-viscosity ink can replace PI, provided that there is no significant CTE mismatch between
dielectric inks, the substrate, and the die. Furthermore, AJP has high alignment accuracy and is
capable of aligning the printer to fine die features, such as pad corners. This enhances the design
flexibility and allows for highly customized packages incorporating multiple dies, something that
would be impossible to achieve with conventional manufacturing methods. Finally, as in [66, 72,
74,75], the packages demonstrated here were fabricated using only one major piece of equipment,
1.e. the aerosol jet printer. As discussed in Chapter 1, conventional methodologies a lot more
equipment, a cleanroom environment, and a lot more chemical processes that generate a lot more

material waste.

5.1.3 Results

I first took measurements of the surface profiles of the manufactured packages using a NanoMap-
500LS surface profilometer. The profiles for approach 1 are shown in Fig. 5.7. Profiles A-A’ and
B-B’ in Fig. 5.7a show the transitions from the MoCu to the PI, then to the peak of the PI wall,
and then to the BCB fill. The BCB peak at ~ X = 0 is due to the solder ribbon underneath the
printed BCB and does not indicate the actual thickness of the BCB; the actual BCB thickness can
be seen left and right of the peak. The measured thicknesses for both approaches are summarized
in Table 5.1. Differences between the intended and achieved thicknesses are due to variations in
ink atomization during printing. Nevertheless, the measured thicknesses are consistent with the

targeted ones. These variations can be mitigated using methods such as described in [133,134].
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Figure 5.7: Measured thickness profiles for a package fabricated following approach 1, with de-
tailed view of profile measurement paths and areas for: (a) PI and BCB surfaces, and (b) Ag

surface. From [7] ©2022 IEEE.
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Table 5.1: Measured Printed Material Thicknesses

T.arget Measured Thickness (pm)
Ref. Thickness
(um) Approach 1 Approach 2
PI wallf 120 113 N/A
BCB fill* 100 98 N/A
Ag 10 11 8

T Measured at peak; * measured at valley. From [7] ©2022 IEEE.

The actual dielectric thicknesses were taken into consideration while optimizing the TLs and in-
terconnects in ANSYS HFSS®, before printing Ag. The final Ag thickness was taken into account
in the final simulations that are compared to measurements later.

I analyzed the dimensional integrity of the fabricated packages by taking microscopic pictures
with an Olympus BX41M microscope. Pictures of key parts of the printed Ag patterns with over-
laid measured features are shown in Fig. 5.8. The realized line widths are greater than the designed
ones by only 2-3 um, and the realized gaps are narrower by 2-3 um. These small differences are
likely a result of the toolpath generation algorithm or due to small variations in the individual
printed lines width. Overall, the printed lines are consistent and feature a small number of sharp
edges as expected from AJP.

I then measured the RF performance of the packages from 50 MHz to 50 GHz, which covers the
operational frequency range of the attenuators from 0-43.5 GHz, using an MPI TS150-THZ Probe
System, a Keysight N5227 PNA, and a pair of GGB 67A-GSG-250-P picoprobes. I performed
an LRRM calibration using a GGB CS-5 calibration substrate to bring the reference planes to the
probe tips. I measured two packages for each approach to ascertain if there is repeatability in
RF performance. For each package, I examine the transmission and reflection coefficients and
compare to those of the unpackaged die, as well as the package after removing the TL loss. I also

characterize single interconnect loss and total line and interconnect loss per package, and compare
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Figure 5.8: Microscopic 50x magnified photographs of the TL and interconnects of a fabricated
package following approach 1, with overlaid measured dimensions: (a) interconnect over the BCB
fill, (b) interconnect over the PI wall, and (¢) GCPW and MS TL. From [7] ©2022 IEEE.

to other state-of-the-art interconnects and packages in the literature.

I first show the simulated and measured RF performance for the two packages following ap-
proach 1 in Fig. 5.10. I measured the unpackaged die under and the 2 x through line under the same
conditions as the packages. I used the 2 x through line measurements to calculate the interconnects
+ die loss alone, which is (in dB):

Syt = Spi — Sk, (5.1)

where S and S}, are the loss (in dB) of the measured package and the 2x through line, re-
spectively. All these losses are compared in Fig. 5.10a. The interconnects + die losses for both
packages correlate well with the loss of the die alone, showing that the realized interconnects have

low loss. In addition, the 2x through line has a loss < 0.8 dB up to 50 GHz. The reflection ratios
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Figure 5.9: RF measurements setup for the fabricated packages.

are shown in Fig. 5.10b, with both packages demonstrating an S;; < —10 dB up to 50 GHz. As
shown in Fig. 5.11, the interconnect losses are higher for the packages following approach 2, hence
these packages have higher losses than the 0-dB attenuator die. They demonstrate S1; < —10 dB
up to 30 GHz, but show higher reflections as frequency approaches 50 GHz.

I also characterize the single interconnect loss for both approaches. The loss of a single inter-
connect is given (in dB) by:

Sél = (Sgll - Sél - Sgl)/27 (5.2)

where S¢, represent the die loss (in dB), and is shown for all packages in Fig. 5.12a. The intercon-
nects of both packages using approach 1 demonstrate a very low loss of < 0.2 dB up to 50 GHz
and their individual performances correlate well, with a variation in loss of less than 0.13 dB over
the range of measurement and less than 0.04 dB over the operating range of the attenuator. These
loss variations are smaller than the ones reported up to 50 GHz for the two packages demonstrated
in [66]. For approach 2, package 1 shows a loss < 0.4 dB up to 50 GHz, while package 2 shows a
loss of < 0.93 dB. The loss variation is less than 0.58 dB over the range of measurement and less
than 0.54 dB over the operating range of the attenuator. In the frequency range from 19.6 to 21.5
GHz and from 27.9 to 33.8 GHz for package 2 following approach 1 and for package 1 following

approach 1, respectively, one can notice nonpassivity errors in S%;, with magnitudes < 0.02 dB.
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These errors can be attributed to variations in the magnitude of the reflection between the calibra-
tion trace and the measured packaged dies, and to the fluctuation in the performance of the probe
launches at the measured frequency range.

The performance variation between the two packages following approach 2 can be ascribed to
the landing position of the GSG probes on the GCPW launches and deviations in the profile of
the BCB ramps. Specifically, using solder ribbon or epoxy for die attach cannot ensure the die
rests flat on the carrier, since the ribbon or the deposited epoxy have thicknesses comparable to the
die. In general, if the die does not sit planar on the ribbon/epoxy surface, small gaps can be formed
underneath the die, and the low-viscosity BCB will tend to flow to those gaps, causing deviations in
the ramp profile. Furthermore, non-uniformities on the ribbon/epoxy surface extending around the
die can cause the BCB to flow away from the die edge, also causing deviations in the ramp profile.
These deviations generally cause impedance discontinuities at the RF path on the interconnects
printed over the BCB. The higher measured losses observed for approach 2 comparing to the
simulations, as well as the higher losses of packages following approach 2 compared to approach
1, can be ascribed to such impedance discontinuities, as well. Unlike approach 2, approach 1
is inherently resistant to this problem, since the area where I printed BCB is significantly larger
than in approach 2 and a non-planar die or non-uniformities in the ribbon/epoxy surface do not
significantly affect the uniformity of the BCB thickness profile. The robustness of approach 2
against such problems can be improved, however, by using a solder ribbon much thinner than the
die, or with aerosol jet-printed die attach pads with controlled thickness and dimensions, which

will facilitate a planar die placement and achieving uniform dielectric thicknesses around the die.
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Figure 5.10: Measured and simulated (a) transmission, and (b) reflection S-parameters of the two

identical fabricated packages following approach 1, the unpackaged attenuator die, and the fabri-
cated 2x through line. Approach 1 uses a 3-dB attenuator die. From [7] ©2022 IEEE.
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identical fabricated packages following approach 2, the unpackaged attenuator die, and the fabri-
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To compare with other additively manufactured packages and interconnects, 1 calculated the

total line + interconnect loss per mm for each package, which is given by:
Sy = (S5 — S/ L, (5.3)

where L is the total interconnect + line length in each case, and is shown for all packages in Fig.
5.12b. Same as for the single interconnects, the line + interconnect loss for the two individual
packages following approach 1 is very close, whereas the loss difference for the two packages
following approach 2 is larger. In spite of these differences, all packages are fully functional at mm-
wave, high-performance, and fully aerosol jet-printed. The packages following either approach
demonstrate performance comparable to, or better than, other packages and interconnects in the
literature, as shown in Table 5.2. Approach 1 has an average line + interconnect loss of < 0.26
dB/mm up to 50 GHz. This performance is similar to [66, 72], but approach 1 allows for more
flexibility in dielectric material choice to deter delamination near the die. In [122], 0.1 dB/mm
was shown at 20 GHz, but the interconnects were not fully printed and there was no packaged
die. Comparing to SiP/SoP methods via 1JP, the strategies in this work show line + interconnect
loss of 0.14 dB/mm and 0.23 dB/mm at 24.5 GHz for approaches 1 and 2, respectively, in contrast
to 0.45 dB/mm and 0.57 dB/mm achieved in [65]. Finally, [67-69] employed hybrid strategies
combining conventional and AM techniques, and show performance comparable to this work,
or worse, but their processes require longer prototyping time, more equipment, more chemical
processes, and more material waste. Importantly, the loss calculations in Equations (5.1)—(5.3)
include, in addition to transmission loss, the effect of mismatch loss. These calculations yield the
true total loss and do not exclude the effect of mismatch at any frequencies, thereby reflecting the

real RF performance of interconnects and packages.
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Table 5.2: Comparison of State-of-the-Art AM Packages and Interconnects

Ref Fabrication PAaCk?i%;n_g Package Loss Intercon. + Line
’ Process ptli)on dB)* Loss (dB/mm)
Intercon. 3.55(0 GHz),” | 0.13 (20 GHz),"
on GaAs' 3.03 (50 GHz)” | 0.26 (50 GHz)""
Thi k AJP o o
15 wor ] Intercon. | 0.71(20 GH2)"* | 0.19 (20 GHz)’
on GaAs" 2.5 (50 GHz)™ 0.74 (50 GHz)™
Craton et al. [75] AJP (3A>1<VIG§21:) 2.8 (78 GHz) 0.6 (78 GHz)
Craton et al. [74] AJP A(‘Cl\‘f‘:lics);) 1.1 (85 GHz) 0.37 (85 GHz)
Craton et al. [72] AJP i‘gg‘:s 1 (15 GHz) 0.33 (15 GHz)
Craton et al. [66] AJP gl‘ltecr}‘;‘fs 042 (20GHz) | 0.15 (20 GHz)
Intercon.
Delage et ) 0.17 (20 GHz)} | 0.1 (20 GHz)! 0.6
AJP on ceramic on 3D
s s
al. [122] half-sphere 0.34 (60 GHz) (60 GHz)
Konstantinou et 4.19 (20 GHz)." | 0.34 (20 GHz)."
al. [6] AJP UWB TLs 6.28 (60 GHz)™ 0.51 (60 GHz)™
Qayyum et AJP on UWB TLs 1.26 (50 GHz), 0.18 (50 GHz)}
al. [121] Verowhite/LCP 3.43 (110 GHz) 0.49 (110 GHz)
Intercon.
on GaAs 1.08 (24.5 GHz) 0.45 (24.5 GHz)
Tehrani et al. [65] 1JP Int
ntercon. i
on GaAs 2.9 (24.5 GHz) 0.57 (24.5 GHz)
AJP on LTCC, Intercon. 0.6 (20 GH2)! 1 0.24 (20 GHz)}
Thie et al. [68] MD? on GaAs (50 GHz)* 0.4 (50 GHz)!
Ramirez et FDM!MD, Intercon.
o M | 2400GH) 0.2 (20 GHz)
AJP on LCP, Intercon. 0.13 (20 GHz)}
Oakley et al. [69] conventional on GaAs N/A 0.42 (40 GHz)}

* Includes unpackaged COTS die losses; approach 1 (3-dB attenuator die);

# approach 2 (0-dB attenuator die);

“avg. loss of two packages; *approximated for comparison;

I'measured at low-loss point; $ micro-dispensing; 1 fused deposition modeling.
From [7] ©2022 IEEE.
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5.2 System-on-Antenna Module

The second part of the chapter focuses on system integration using the SiP/SoP fundamentals dis-
cussed in Section 5.1. I utilize approach 1, which performed the best, to show system integration
for a microwave transmit module. Microwave and mm-wave electronics for wireless applications
such as automotive and biomedical imaging, wireless communications, and military and space sys-
tems have seen an increasing demand over the recent years. Inherently, flexible and cost-effective
techniques for heterogeneous system integration with high functional density for such electron-
ics is highly desired. The design and material flexibility and high functional density afforded by
AJP can be employed in realizing microwave and mm-wave transmit/receive (T/R) RF front-end
modules.

To the best of my knowledge, the only example of a module fully via AM was shown in [75],
where a W-band SoP was fully printed alongside an in-package patch antenna. This approach,
though, is limited to very high frequencies, as patch antennas at lower frequencies are large and
printing them requires long prototyping time. In contrast, SOA concepts offer a lot of design flexi-
bility while simultaneously allowing the designer to use antennas of desired size and type. To date,
such SoA have been manufactured predominantly with conventional or hybrid AM-conventional
methods. Gjokaj er al. [135] demonstrated SoAs for which circuits were fabricated via lithogra-
phy and were embedded in 3D-printed Vivaldi antennas, while in [136] used AJP as part of the
circuit manufacturing process, as did Oakley in [137]. He et al. [76] showed a SoA by placing
pre-packaged MMICs on a 3D-printed antenna and using IJP to print dielectric filling and RF in-
terconnects. To the best of my knowledge, there have been no demonstration of SoAs with AM
packaging of bare dies on-antenna.

In this section, I demonstrate the packaging entirely via AJP of a COTS amplifier die to re-
alize a transmitter SOA module in the Ku-band. The package design is flexible and is adapted to
accommodate the positioning of the amplifier die on a conventionally manufactured Vivaldi an-
tenna. I utilized a modified version of approach 1 that was demonstrated in Section 5.1 to realize

all dielectrics, interconnects, TLs, and DC paths fully via AJP. In this work, I show the packaging,
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Figure 5.13: Annotated design of the Vivaldi antenna in ANSYS HFSS® (with dimensions in mm).

fully via AJP, of a commercial-off-the-shelf amplifier die to realize a transmitter SoA at Ku-band.
The design is flexible, with the entire package designed with respect to the die, and is adapted
to fit on a conventionally manufactured Vivaldi antenna. The die is packaged using a chip-first
approach, with all dielectrics and conductive paths aerosol jet-printed. The transmit module shows
radiated power levels of 0.4-0.66 W, higher than other SoAs in the literature at similar frequencies.
The work demonstrated in this section shows the potential to realize high-functional-density RF

front-end modules fully via AJP.

5.2.1 Design

The first step was to design the Vivaldi antenna. I aimed to achieve loss and high gain at the
desired frequencies. The package and circuity were designed thereafter, adapted to the antenna.
The antenna designed was a notch Vivaldi antenna on a Cu/LCP/Cu board. Important design
parameters were the cavity radius, the width of the slot opening, and the position of the feed
relative to the start of the slot opening, which all determined the antenna impedance and are shown
in Fig. 5.13.

The designed package combines an amplifier die and a pre-packaged voltage-controlled oscil-
lator (VCO) MMIC, and I designed it with respect to the amplifier die. The package design follows

the chip-first strategy, specifically approach 1, as demonstrated in Section 5.1. The package design
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Figure 5.14: Cross-sectional view of the packaging strategy for the amplifier die, with target ma-
terial thicknesses (with dimensions in mm).

was modified to integrate the surface-mount VCO, as well as surface-mount components (SMCs)
for the required biasing networks. The amplifier used was a TGA2958 (Qorvo) GaN driver am-
plifier die and the VCO was a HMC632LP5 (Analog Devices) pre-packaged MMIC. The package
incorporates a multi-level dielectric substrate structure, in which a PI wall was designed to be
printed around the die and the area between the die and the wall was designed to be filled with
BCB. The RF and DC amplifier die interconnects were designed to be printed over the PI wall and
the BCB all the way to the die pads. A layer of PI was designed on the die edge to deter unwanted
diode effects. Ag conductive patterns were designed for die interconnects, DC lines, RF TLs, and
pads for the VCO and the SMCs. The pattered Cu of the antenna was designed to act as the ground
for the circuit. Design details for the interconnects, TLs, and the antenna feed are shown in Fig.
5.15. The entire structure was optimized in ANSYS HFSS®.

Importantly, the packaging strategy demonstrated here is not limited to one die only, but can
incorporate a VCO die if one is available at desired frequencies. Besides, the concept of multi-die,
chip-first packaging has been demonstrated in [75]. This SiP/SoP strategy is mm-wave-capable,
as demonstrated in Section 5.1 [7] and can be used for mm-wave SoAs. Moreover, choosing a
VCO die and smaller SMCs and DC connectors can significantly reduce the package area and the

package can thus be printed on smaller, mm-wave antennas.
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Figure 5.15: Details of the amplifier die RF interconnects, MS TL, and antenna feed in ANSYS
HFSS® (with dimensions in mm).

5.2.2 Fabrication

The fabrication of the antenna was done first and with help from Brian Wright at MSU. The Cu on
a 4-mil-thick Felios R-F705T LCP board was etched via lithography to form the antenna shape and
the pads for the DC connector. I then did die attach for the amplifier die on the antenna Cu using
Epo-Tek H20E Ag epoxy, which was cured in Ny to prevent oxidation of the Cu. The rest of the
fabrication was for the package and was done entirely via AJP, following the procedures detailed
in Section 5.1. Before printing PI and BCB, I applied the appropriate adhesion promoter in each
case. I first printed the initial PI layers for a target thickness of 5 pum, the first layers of the PI wall
for a top height of 10 um, and PI on the die edge, followed by a partial curing at 200 °C in Nj. I
then printed additional 31 pum of PI in areas supporting the MS TLs and the VCO pads, as well as
the rest of the PI wall for a target top height of 120 um, followed by a full curing of all PI layers
at 295 °C in N,. Next, I printed BCB to fill the area between the die and the PI wall, and then
fully cured it at 250 °C in Nj. I finally printed Ag ink on the PI and BCB to form the TLs and the
die interconnects, the DC lines, the pads for the VCO and SMCs, and the antenna feed, followed

by a sintering in atmosphere at 180 °C. Details of the printing process are given in Appendix C.
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Antenna

Figure 5.16: Close-up photo of the manufactured SoA package.

The final step was the placement of the VCO, SMCs, and DC connector using Epo-Tek H20E Ag
epoxy, followed by reflow and sintering of the Ag epoxy. The manufactured package is shown in
Fig. 5.16 and the packaged amplifier die is shown in Fig. 5.17.

As in the rest of this dissertation, all printing was done with an Optomec Aerosol Jet 5X Printer.
The PI ink was composed of PI-2611 (HD Microsystems) diluted to 40 vol.% PI-2611 + NMP
(Sigma Aldrich). The BCB ink was the Cyclotene 3022-35 resin (Dow Chemicals). The Ag ink
was diluted in 25 wt.% Clariant Prelect TPS 50 + DI water. The total printing time for the package

was 6 h and 31 min.

5.2.3 Results

I measured the received power spectrum of the SoA with a N9917A FieldFox Handheld Microwave
Analyzer connected to a Vector Telecom PTY Ltd horn antenna via a 4-ft-long coaxial cable and an
attenuator to protect the analyzer. The measurement setup is shown in Fig. 5.18a. The horn antenna

had a gain of GG; = 20 dBi at the measurement frequencies, the total cable loss was L, = 3.5 dB,
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Figure 5.17: Close-up photo of the packaged amplifier die and interconnects.

and the attenuator gave an attenuation of A,u., = 5 dB. I placed the SoA at a distance of r = 240
mm from the receiving horn antenna, and the free-space loss was Ly = 20log (477 /\). I measured
the received power applying three different VCO tuning voltages, with the VCO generating an RF
signal at different frequency each time. The measured attenuated received power, Fsa, 1s shown
in Fig. 5.18b. To compare with other state-of-the-art SoAs, I calculated the effective isotropic

radiated power (EIRP) in the maximum gain direction, which is given (in dBm) by:
EIRP = Pin + Gt = PSA + LO + Lr - Gr + Aatten- (54)

The results are compared with other SoAs in Table 5.3. There is a 2-2.5 dB difference between
the simulated and measured EIRP, which includes both antenna gain and system loss variation.
Comparing to other SoAs in the literature, the SoA demonstrated here achieves much higher EIRP
at similar frequencies. Moreover, it is the only SoA that integrates a bare die. The results shown
here can be improved with specific design modifications. Using a VCO die instead of a pre-
packaged MMCI and smaller SMCs can reduce the package area, which allows for reducing the
distance between the amplifier and the antenna feed. This RF path contributes the most to insertion
loss. It would also give more flexibility with the location of antenna feed relative to the start of the

tapered slot, which can be changed to increase antenna gain and minimize the feed coupling loss.
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Figure 5.18: (a) Diagram of the measurement setup for the SoA, with the parameters used for
power calculations, and (b) measured Fsa vs. frequency, for different VCO tuning voltages.
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Table 5.3: Comparison of State-of-the-Art SoAs

Circuity/Package Antenna
Ref. Fabrication Fabrication EIRP (dBm)
25.9 (12.5 GHz),
This work AJP! Conventional | 28.2 (13.2 GHz),
26.7 (13.7 GHz)
Gjokaj et . $ 3D Printing + y
al. [136] Conventional + AJP Metalizationt 20.8 (14.8 GHz)
Oakley et . q 3D Printing + x
al. [137] Conventional + AJP Metalizationt 18.7 (12 GHz)
3D Printing + 17.2 (14.7 GHz);
He et al. [76] P Metalization! | 17.5 (15.3 GHz)"

t AJP for all dielectrics and conductive paths,

¥ conductive paths, and Tdie pasivation layer and conductive paths;

! seed layer via electroless plating, followed by electroplating; ! seed layer sputtering,
followed by electroplating; " calculated for comparison;
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5.3 Conclusion

This chapter addresses some of the deficiencies in previously demonstrated SiP/SoP strategies by
showing flexible, mm-wave-capable packaging strategies via AJP. These strategies showed RF
performance comparable to, or better than, other strategies in the literature, and additionally ad-
dress problems they faced, such as adhesion problems in the die-dielectric interface. The best-
performing strategy was utilized for system integration by realizing a SoA transmitter module,
with the package aerosol jet-printed on the antenna. What remains to be shown in this dissertation
is the adaptation of this SiP/SoP strategy to operate at high RF power and incorporate diamond

platforms for high-power/temperature operation.
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CHAPTER 6

A HIGH-POWER-CAPABLE CHIP-FIRST PACKAGE ON DIAMOND

Chapter 2 demonstrated basic high-power RF structures on diamond to show its high-power ca-
pabilities and its potential as a semiconductor platform for integration into SiP/SoP strategies as
tool for effective thermal management. Chapter 3 showed the basic compatibility of diamond and
AJP by means of basic RF components printed on diamond. Chapter 5 demonstrated a complete
SiP/SoP strategy via AJP, as well as its use for system integration by means of a SoA. This chapter
completes this dissertation by combining elements of all chapters to show a mm-wave package on
diamond that can support high RF power.

I demonstrate a chip-first package on diamond fabricated fully via AJP. The packaging strategy
followed here was first demonstrated in Chapter 5 [7] and delivers a package consisting of a multi-
level dielectric substrate structure, with a PI wall printed around the die, followed by printing of
BCB to cover the area between die and PI. The RF interconnects are supported by BCB and the PI
wall and extend to MS TLs supported by PI. The launches are GCPW TLs that transition to MS
TLs through via-less transitions as in Chapter 5. This package shows improved RF performance
comparing to the packages shown in Chapter 5 and additionally extends the highest frequency from
50 to 67 GHz. It also demonstrates better RF performance than other additively manufactured
packages and interconnects in the literature. Finally, I show high-power measurements performed
on the package via active L-P, following the same method as for the high-power SBDs on diamond
in Chapter 2. The maximum achieved output RF power is 1.95 W at 6 GHz. The work presented
in this chapter is the last part of this dissertation, and shows the potential of application-specific
and flexible packaging methodologies, fully realized via AJP, for system integration at mm-wave

that can accommodate high-power applications.
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6.1 Design

The package design follows the fundamentals of the chip-first PI wall approach demonstrated in
Chapter 5 [7], with minor differences. I chose the KAT-0-DG+ 0-dB attenuator (Mini-Circuits)
[129] as the package die. As in Chapter 5, the entire package was designed with respect to the
die, which was placed first. The designed package consists of a multi-level dielectric structure,
with a PI wall around the die and BCB filling the area between the PI wall and the die. The RF
interconnects are supported by the BCB and the PI wall, and they extend to MS TLs on PI. Finally,
the MS TLs transition to GCPW launches through via-less transitions as in [107].

This design, unlike the design in Chapter 5, includes a designed BCB/Ag die attach pad. The
designed pad consists of discrete BCB lines surrounded by Ag. BCB is meant to act as the adhesion
layer between the die bottom and the ground plane, holding the die in place, while the Ag ensures
an electrical connection between the two. Another design difference with the package in Chapter
5 is that, instead of PI, BCB is used on the die edge as a layer that deters unwanted diode effects.
Printing BCB over the die edge further reduces the risk of dielectric delamination from the die, as
discussed in Chapter 5, since there is no die-PI interface in this design. Finally, this design utilizes
frequency-agile shaped interconnects, as in Chapter 5, but improved to be shaped continuously
over all of the varying dielectric thicknesses and from one dielectric to another, without abrupt
changes in width. This contributes to an improved RF performance, as will be discussed later. All
interconnects and TLs were designed and optimized in ANSYS HFSS®. A cross-sectional view of
the packaging strategy is shown in Fig. 6.1, and details of the designed package are shown in Fig.

6.2.

6.2 Fabrication

The first step of the fabrication process is the development of the ground plane on the diamond
surface. The wafer used was a TM200 CVD diamond wafer (Element Six). Before the deposition
of the ground metal, I needed to take steps for its adhesion on the diamond surface. First, a 20-nm

layer of Cr was sputtered on the surface. Then, 2 um of Cu were sputtered to act as the ground
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Figure 6.1: Cross-sectional view of the chip-first packaging strategy on diamond, with annotated
target thicknesses.
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Figure 6.2: Overview of the designed package, with annotated dimensions in mm.
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plane, followed by 50 nm of Ti to avert oxidation of the Cu. All sputtering was done with help
from Brian Wright at MSU.

All following steps included material deposition via AJP only. All printed was done using an
Optomec 5X Aerosol Jet Printer [116]. The first part of the package to be printed was the BCB/Ag
die attach. 10 um of BCB were printed first, followed by 5 um of Ag. Then, the die was placed
on the die attach pad and underwent two phases of thermal curing. The first phase, at 250 °C for
2 hin N, is for die attach reflow, during which the BCB flows so that the die bottom metal comes
in contact with the printed Ag. The second phase, at 180 °C for 5 h in atmosphere, is to sinter
the printed Ag. The sputtered Ti on the Cu ground deters the Cu from oxidizing during the latter
phase.

The remaining fabrication follows the steps demonstrated in Chapter 5 for the chip-first strategy
following the PI wall approach [7]. Before printing PI, I applied the VM651 adhesion promoter
(HD Microsystems). I then printed initial PI layers for a total thickness of 5 um, and the first PI
wall layers for a top height of 10 um. I then did a soft bake of these layers at 200 °C for 2 min in Nj.
Consecutively, I printed another 20 wm of PI for a total thickness of 25 pm, and the remaining PI
wall for a top height of 130 um. All PI was then cured at 295 °C for 1 h in Ny, for full imidization
of the PI. The next material to be printed was the BCB. Before that, I applied the AP2000 adhesion
promoter (Dow Chemicals). Then, I printed 120 um of BCB to fill the area between the die and
the PI wall. This was followed by a hard cure for the BCB at 250 °C for 2 h in Ny. The final step in
the manufacturing process was printing Ag ink for TLs and die interconnects. Ag ink was printed
with a target thickness of 6 um and then sintered in atmosphere at 180 °C for 5 h. As in previous
chapters, the PI ink I used was composed of PI-2611 polyamic acid (HD Microsystems [131])
diluted to 40 vol.% PI-2611 + N-Methyl-2-Pyrrolidone (NMP) (Sigma Aldrich), the BCB ink was
the Cyclotene 3022-35 resin (Dow Chemicals), and the Ag ink consisted of 25 wt.% Clariant
Prelect TPS 50 + DI water. A fully fabricated package on diamond is shown in Fig 6.3. Details of
the interconnects are shown in Fig. 6.4, with pictures taken with an Olympus BX41M microscope.

As in Chapter 5, the interconnects demonstrate good quality, without any discontinuities in the
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Figure 6.3: Close-up view of the fabricated package.

die-BCB or BCB-PI interface. I also show the interconnects after the high-power measurements
discussed later in this chapter, demonstrating that these interconnects were not affected visually
by the RF power close to 2 W. Details of the printing steps followed for the fabrication of this

packages are given in Appendix C, while details of the curing profiles are given in Appendix B.

6.3 Results

I first measured the surface profiles of the cured dielectrics and sintered Ag using a NanoMap-
S00LS surface profilometer. I found the PI thickness to be ~ 25 um and the top PI height to be
128 pum. The BCB fill adhered well on the die and the PI wall, with a maximum thickness of 120
um. The Ag had a thickness of 7 um. Prior to printing Ag, the measured dielectric thicknesses
were taken into account to optimize the TLs and interconnects. After printing Ag, all measured
thicknesses were taken into account for the final simulation.

I took small-signal RF measurements from 50 MHz to 67 GHz using an MPI TS150-THZ
probe system, a Keysight N5227 PNA, and a pair of GGB 67A-GSG-250-P picoprobes. A LRRM
calibration was performed using a GGB CS-9 calibration substrate to bring the measurement ref-
erence planes to the tips of the probes. I measured the fabricated package on diamond and an

unpackaged die. In addition to the performance of the entire package, the performance of the TLs

106



KAT-0-DG+ Die

Ag intercon. Ag intercon.
over BCB over PI Wall

BCB Layer on
Die Edge

(©) (d)

Figure 6.4: Microscopic 10x magnified photographs of the interconnect section of a fabricated

package, with focus on the die area (left) and the MS TL on PI (right): (a), (b) before and (c), (d)
after high-power measurements.
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and interconnects alone is calculated as in Chapter 5 via Eq. 5.3 by removing the effect of the
attenuator die. Measured and simulated transmission and reflection coefficients are shown in Fig.
6.5a and 6.5b, respectively. Normalized measured and simulated performance of the interconnects
and TLs alone is shown in 6.6. Overall, the package demonstrates low loss at the entire range from
50 MHz to 67 GHz, with a worst-case loss for interconnects and TLs of 0.56 dB at around 40 GHz,
while S;; for the package is maintained below -10 dB. The normalized loss for interconnects and
TLs is at worst 0.28 dB/mm at 40 GHz, achieving 0.11 dB/mm at 67 GHz.

The interconnects demonstrated here perform better than the ones demonstrated in Chapter
5 [7]. Loss at the same frequencies is lower, and additionally this chapter extends the highest
frequency from 50 to 67 GHz. As discussed earlier in this chapter, the improved performance is
partially due to the modified shaped interconnects design, which are shaped continuously without
abrupt changes in width. Moreover, the PI wall and BCB in this package were designed thicker,
thus the MS TLs in these areas were designed wider, contributing to lower attenuation due to
conductor loss. The interconnects of the package in this chapter also perform better than other
interconnects presented in the literature. The interconnects and TLs in [66] show similar loss up to
50 GHz, but higher loss above that. Comparing to [66], an additional advantage of my approach,
as discussed in Chapter 35, is that it addresses adhesion problems on the die-dielectric interface
by replacing PI with BCB for the area surrounding the die and employing PI for the PI wall and
for supporting the TLs. Performance comparison with other packages and interconnects in the
literature is shown in Table 6.1.

After small-signal measurements, I took high-power RF measurements via active L-P. I used
a pair of GGB 40A-GSG-250-P picoprobes and a Maury MT2000 Active L/S-P System, as in
Chapter 2. 1 performed a line-reflect-match (LRM) calibration via the MT2000 software using a
GGB CS-5 calibration substrate, bringing the measurement reference planes to the probe tips. As
discussed in Chapter 2, the MT2000 tunes the reflection coefficients on the source and load (input
and output) sides, I, where x = {S, L}, by injecting arbitrary RF signals into the measured device

to find the optimal I's and I';, to maximize the power delivered to the load, Py (i.e., output power,
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Figure 6.5: Measured and simulated (a) transmission, and (b) reflection S-parameters of the fabri-
cated package on diamond and an unpackaged 0-dB attenuator die.
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Pou). Following the measurement approach described in Chapter 2, I performed L-P using CW
signals with an input power of P;;, = 33 dBm at 6, 10, and 18 GHz. The results are shown in Fig.
6.7. A P,y of 32.9 is achieved at 6 GHz, yielding 0.1 dB loss under optimal matching conditions.
At 10 and 18 GHz, a P, of 32.5 and 32.7 dBm, respectively, is achieved. The achieved P, in this
work is orders of magnitude higher than previously published packages or interconnects fabricated
fully via AM. To the best of my knowledge, the highest P, other than the ones presented here, for
a fully additively manufactured package was shown by Craton et al. in [72] at 0.16 W at 9 GHz.
The lowest P, shown here is 1.78 W at 10 GHz, and the highest is 1.95 W at 6 GHz. There are
examples of conventionally manufactured packages that have achieved higher P,,. Pavlidis et al.
in [138] showed a GaN high-power amplifier packaged on an organic substrate using conventional
methods and achieved a P, = 5.4 W. Nevertheless, this package does not offer all the advantages
that SiP/SoP strategies via AM, and particularly entirely via AJP, afford. The same applies for
[70], which achieved similar P, levels as the package I showed, but employs AJP alongside

conventional methods and pre-manufactured substrates, as in [69, 71]. Moreover, the approach
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Figure 6.7: Load-pull measurements for the package on diamond, all with P;;, = 33 dBm, at (a) 6
GHz, (b) 10 GHz, and (c) 18 GHz.
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shown here was limited by the intrinsic upper power levels of the attenuator die, at 2 W, whereas
the die in [138] has a saturated power rating of 5.4 W. Using dies with power ratings > 2 W in
the AJP-enabled approach shown here can potentially yield higher P, levels. Furthermore, high-
power performance can be demonstrated up to 67 GHz for this package, provided that external
amplifiers at the required frequencies are available for the L/S-P system setup (see Appendix A).
A comparison of my package with other packages, in terms of Py, is shown in Table 6.1, along
with the small-signal RF performance that was discussed earlier.

As mentioned in Section 6.2, the printed interconnects were able to withstand the RF power
levels achieved and did not show any signs of degradation or damage. It is important to note that
several measurements were taken while applying a 33-dBm CW signal at the input due to the
sequence of steps to achieve the maximum P,,. I first did L-P to optimize I';, then S-P for the
optimal I's, and then L-P again for optimal I';. This process was done at the three measurement
frequencies separately, and the interconnects were unaffected by all these measurements, as shown
in Fig. 6.4. Finally, as mentioned above, I did not reach the upper power limits of the interconnects,
as I limited the applied RF power to 2 W which is the rated power for the KAT-0-DG+ die. Thus,
a die with higher power rating could be used in future work to test the upper breakdown limits of
the interconnects.

The purpose of the package shown in this chapter was to demonstrate that the SiP/SoP strat-
egy employed can realize fully additively manufactured packages for system integration that are
capable of handling high RF power, and to show that diamond platforms, having great thermal ca-
pabilities, can be successfully integrated into the strategy without fabrication challenges and used
as heatsinks. However, I did not focus on the die attach and its impact on the heat dissipation, and
I did not perform thermal simulations. The fully aerosol jet-printed die attach used here provided
adequate adhesion for the die on the diamond wafer and an electrical connection to the ground.
Since good mm-wave performance and high RF power was demonstrated here, along with the suc-
cessful integration of diamond into the strategy, future work can focus on the die attach, including

design and material choice, for optimal thermal and electrical conductivity.

112



Table 6.1: Comparison of State-of-the-Art Packages and Interconnects

Fabrication Packaging Intercon. + Line
Ref. Process Application Loss (dB/mm) Pou (dBm)
Intercon. on 0.13 (20 GHz), 32.9 (6 GHz),
This Work AJP Ga As. 0.19 (50 GHz), | 32.5 (10 GHz),
0.11 (60 GHz) 32.7 (18 GHz)
Intercon. on 0.13 (20 GHz)* N/A
Konstantinou et AJP GaAs 0.26 (50 GHz)"
al. [7] Intercon. on 0.19 (20 GHz)* N/A
GaAs' 0.74 (50 GHz)*
Intercon. on 0.16 (20 GHz)\*
Craton et al. [66] AJP GaAs 0.32 (50 GHz)!I* N/A
0.38 (60 GHz)!I*
Craton et al. [72] AJP Intercon. on 1 33 (15GHz) | 21.9 (9 GHz)
GaAs
AM SoP
Craton et al. [75] AJP (3% GaAs) 0.6 (78 GHz) N/A
AM SoP
Craton et al. [74] AJP (GaAs) 0.37 (85 GHz) N/A
niereon O | 0,45 (24.5 GHz) N/A
Tehrani et P ans
al. [65] Intercon. on q
GaAs! 0.57 (24.5 GHz)" | 4.2 (24.5 GHz)
AJP on LTCC, | Intercon. on 0.24 (20 GHz)}
Thle et al. [65] MD GaAs 0.4 (50 GHz)? NIA
Ramirez et FDM, MD, Intercon. on
al. [67] LMM GaAs 0.2 (20 GHz) N/A
Intercon. on
AJP on LCP, 0.13 (20 GHz)}
Oakley et al. [69] conventional GaAs and 0.42 (40 GHz)! N/A
GaN
. AJP on LCP, Intercon. on
Spain et al. [70] conventional GaAs N/A 33 (14 GHz)
Pavlidis et Conventlopal Power amp. N/A 373 (10.2 GHz)
al. [138] on organic package

*3-dB attenuator die; T 0-dB attenuator die; * avg. loss of two packages; I best-case loss;

t approximated for comparison; °LNA die; Ymeasured at low-loss point.
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6.4 Conclusion

This chapter demonstrated the first integration of diamond platforms into AM-enabled SiP/SoP
strategies. A chip-first package was manufactured fully via AJP on a diamond wafer, incorporat-
ing an attenuator bare die. The SiP/SoP strategy used here utilizes the multi-dielectric packaging
approach shown in Chapter 5, with printed PI and BCB dielectric inks along with Ag nanoparticle
conductive ink. This package demonstrates three accomplishments. First, it shows RF perfor-
mance better than the packages shown in Chapter 5, but also extends the frequency of use from
50 to 67 GHz. It also achieves better performance than other additively manufactured packages
and interconnects in the same frequency range. Second, this package is the first entirely addi-
tively manufactured package to demonstrate high-power performance, with a maximum P, =
1.95 W. Finally, this package is the first to demonstrate a basic, successful integration of diamond
in an AM-enabled SiP/SoP strategy. These accomplishments show the potential to deliver flexi-
ble, application-specific SiP/SoP strategies aiming for higher functional density that can be used

in high-power applications.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

This dissertation expands on the current state of the art in SiP/SoP packaging towards strategies
realized fully via AJP for microwave and mm-wave system integration. The newly shown strate-
gies build on previously demonstrated strategies via AJP and other AM methods and additionally
address many of their limitations. The final strategy presented here demonstrates improved RF per-
formance at mm-wave, comparing to previously shown strategies, and is additionally compatible
with high power. Also, this strategy successfully integrates diamond platforms to act as heatsinks
during high-power operation.

I first discussed the state of the art in packaging for system integration in Chapter 1, where I pre-
sented the major conventional SiP/SoP methodologies, as well as the ones via AM that have been
demonstrated as alternatives. I also discussed some of the deficiencies in recent work on packaging
strategies via AM, such as the absence of interconnects on non-planar surfaces and of high-power
packages. Diamond was investigated as a semiconductor platform for high-power and temperature
applications in Chapter 2 via the demonstration of basic high-power RF structures on diamond,
such as SBDs. Then, in Chapter 3, I investigated the basic compatibility of diamond and AJP by
demonstrating mm-wave RF components printed on diamond dielectric substrates. In Chapter 4,
I demonstrated fully aerosol jet-printed components on non-planar surfaces for mm-wave, and at
near-THz frequencies, as well as highly compact resonant mm-wave structures. Chapter 5 laid out
SiP/SoP strategies via AJP for mm-wave frequencies, as well as its use for system integration in
the case of a microwave SoA transmitter module. Finally, in Chapter 6, I improved these strategies
to yield better mm-wave performance, as well as adapted it to incorporate diamond platforms as
heatsinks and to be capable of high-power operation. This dissertation demonstrates that complete
SiP/SoP strategies for system integration in a variety of applications, at mm-wave and beyond, are
achievable fully via AJP, including on complex, non-planar structures and for high-power applica-

tions.
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The work demonstrated in this dissertation can be continued using the fundamentals laid out
for the fully aerosol jet-printed components and packages. First, following similar design and
fabrication methods shown for the fully aerosol jet-printed TLs and stubs at near-THz in Section
4.3, other components can be realized, such as filters, couplers, and antennas. With regards to the
complete SiP/SoP strategy demonstrated in Section 5.1 and further used in Section 5.2 and Chapter
6, it can be used in different concepts. First, its performance in the W-band and at near-THz
frequencies can be investigated. Furthermore, since basic TLs were demonstrated on non-planar
surfaces in Section 4.2, packaging of dies on such surfaces using the AJP-enabled SiP/SoP strategy
from Section 5.1 can be pursued. Finally, application-specific modules realized entirely, or almost
entirely, with AM, such as the RF front end transceiver module on-antenna discussed in Chapter 1

and shown in Fig. 1.4, could be a potential extension of the work shown in this dissertation.
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APPENDIX A

ACTIVE LOAD-PULL FOR POWER AND LINEARITY

This appendix focuses on the use of active L-P for power and linearity optimization. I demon-
strate active L/S-P measurements performed on a pre-packaged GaN HEMT. The measurements
were taken using single-tone (1-tone), two-tone (2-tone), and modulated (128-QAM) signals at 2
GHz. A test fixture with a 6 W COTS GaN HEMT was used as the device-under-test (DUT). Lin-
earity was optimized by minimizing IM3 and ACPR. Furthermore, a comparison of the optimized
power delivered to the load (P) between 1-tone and 128-QAM is shown. The results shown here
demonstrate that the impedance matching conditions for power or linearity optimization can be
reliably predicted via active L-P using modulated signals. Moreover, there are considerable dif-
ferences between 1-tone and the modulated signals in the P, contours and optimal P, impedance
matching conditions. These ascertainments could impact power amplifier design depending on the

power and linearity specification trade-offs.

A.1 HEMT Test Fixture Design and Fabrication

Given the additional complications of on-wafer probe testing at 5G [139], I focus on a packaged
transistor to isolate the effects of modulated waveforms from other testing complexities. The
design parameters of the test fixture illustrated in Fig. A.2 are summarized in Table A.1. An R-C
network was used at the gate of the GaN HEMT (T,) to provide stability. All component values
were chosen to optimize the trade-off between unconditional stability and power gain. In order to
maintain a safe T; temperature and avoid self-heating effects that would lead to an input reflection
coefficient shift and dynamic input mismatch, an aluminum heat sink was used. T; was soldered

onto a copper sheet that was thereupon attached to the heat sink.

© 2020 IEEE. Appendix A is reprinted with minor modifications, with permission, from "X. Konstanti-
nou, J. D. Albrecht and J. Papapolymerou, "Using Active Load-Pull with Modulated Signals to Optimize
Power and Linearity," 2020 94th ARFTG Microwave Measurement Symposium (ARFTG), 2020, pp. 1-4, doi:
10.1109/ARFTG47584.2020.9071645".
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Figure A.1: Simplified block diagram of the MT2000 Mixed-Signal Active L-P System [8]. In this
configuration example, external amplifiers are used both on the source and load side (DUT input
and output, respectively) to tune I' at fy and 2f,. In this work, measurements are taken only at f,
hence only one amplifier is used per side. From [9] ©2020 IEEE.

A.2 Measurement Setup and Approach

As in Chapters 2 and 6, active L/S-P for this appendix was done using the MT2000 Mixed-Signal
Active L-P System. The MT2000, shown in Fig. A.1, uses an open-loop architecture to tune I',,
where © = {S, L}, on the source and load side (at the DUT input and output, respectively), by
directly injecting arbitrary signals into the DUT. I, represents the ratio of power waves, b, /a,,
with a, being the incident and b, being the DUT-generated power wave, respectively. The a,-
and b,-waves, and thereby I',, are controlled via software iterations. When the DUT is excited
with a modulated signal ag, it generates signals bs and b.. By measuring all a,- and b,-waves,
the system estimates the waves that need to be injected to the DUT at each iteration to achieve
the desired I's and I'.. The injected a,-waves are generated by wideband baseband arbitrary
waveform generators (AWG) and up-converted using in-phase/quadrature (I/Q) modulators. The
acquired DUT-generated signals are down-converted to an IF frequency and then sampled with

wideband A/D converters [96]. The measurements were taken using 1-tone, 2-tone, and 128-QAM
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Figure A.2: The in-house fabricated HEMT test fixture. From [9] ©2020 IEEE.

Table A.1: Summary of the test fixture design parameters

Ref. Corresponding Values/Parameters/Description
T, CREE CGH40006P
B, RT/duroid 6035HTC, 0.032”, 35 um copper cladding
Cy, Co, Cy 1.3 pF, 6 pF, 330 pF
C3—C 330 pF, 450 pF, 1 uF, 10 puF
Cs—Cyo 100 pF, 330 pF, 450 pF, 1 uF, 10 uF
Cis 33 uF
Ri, Rg, R3 200 €2, 300 €2, 50 ©2
L, 2.2 uH
Ji, ) CONN SMA EDGE MNT
J3, )4 CONN HEADER SMD

From [9] ©2020 IEEE.
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continuous-wave (CW) signals at f; = 2 GHz. Different levels of available source power (P,s)
were applied to investigate the differences in Py, IM3, and ACPR contours with respect to a chang-
ing drive. Every contour line encloses load impedance (Z; ) points that correspond to a specific
attained parameter (P, IM3, or ACPR) value, or better (larger in absolute value). The optimal Z,
for the corresponding parameter is located around the center of each contour family and is indi-
cated by P; on the Smith Chart. For IM3 and ACPR, the measurements were taken in two adjacent
frequency channels below and above the signal bandwidth. IM3 and ACPR were measured using
a 2-tone and a 128-QAM input signal, respectively. The 2-tone signal was chosen to have a tone
spacing of 50 MHz, while the 128-QAM signal was chosen with a PAPR of 7 dB, a symbol rate
of 65 Msym/sec, a roll-off factor of 0.22, square root raised-cosine pulses, and a bandwidth of 80
MHz.

An SOLT calibration was performed to bring the reference planes to the inputs of J; and Js. In
order to accurately measure IM3 and ACPR, the MT2000 source signal pre-distortion feature was
used to reduce the distortion of the actual source signal with respect to the ideal source signal by
extracting the distortion caused by the two external amplifiers. T, was biased with Vgg = —2.74 V
and Vps = 28 V, maintaining Ips = 100 mA and Igs = 0. To locate the 1 dB compression point
(Pigg), a 1-tone P, sweep was performed, showing that P4z occurs for P, = 32 dBm. The
128-QAM signal has a PAPR of 7 dB, which needs to be taken into account during the L-P mea-
surements. While the 128-QAM signal gets amplified as P, approaches P45, T; is driven to
saturation, causing the gain and P of the DUT to be confined due to nonlinearity. Hence, to en-
sure a fair comparison between 1-tone and 128-QAM signal amplifications, a careful choice of P,y
needed to be made to exhibit high-power operation while avoiding nonlinearity. In my comparison,
I allow P, = 28 dBm. Finally, for all L-P measurements, the source impedance, Zg, was set to 50
(2, thus there was mismatch and a considerable reflection at the input and the power at the T input

is lower than P,,..
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Figure A.3: Pp contours, with increasing P,, for the: (a) 1-tone signal, (b) 128-QAM signal.
Every contour family, indicated by a different line type, corresponds to a different P, level. From
[9] ©2020 IEEE.

0.5\ 1 j %8
(a) (b)
Figure A.4: P, comparison of 1-tone and 128-QAM for a constant P,,; = 28 dBm: (a) P contours,

with every contour family, indicated by a different line type, corresponding to a different signal
waveform, (b) isolated contours for P;, ~ 37 dBm. From [9] ©2020 IEEE.
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Figure A.5: IM3 contours, with increasing Py, for: (a) IM3pign, (b) IM3,,. From [9] ©2020
IEEE.
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Figure A.6: ACPR contours, with increasing Py, for: (a) ACPRy;gn, (b) ACPR,y,. From [9] ©2020
IEEE.
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A.3 Active L-P Measurements

The measurements for all optimal load impedances are summarized in Table A.2. The P;, contours
for 1-tone and 128-QAM are shown in Fig. A.3, with a peak Py of 37.2 and 37.7 dBm attained,
respectively, for P,,s = 28 dBm. The effects of nonlinearity on high-PAPR signals near the satura-
tion region can be seen on the 128-QAM contours, since increasing P, from 28 to 32 dBm results
in a decreased Pj..

Furthermore, a comparison of 1-tone and 128-QAM P, performance for P, = 28 dBm is
shown in Fig. A.4a. Maximum Py, for the two signals is acquired for different Z; , with 128-QAM
providing a higher P.. This means that if the DUT output is matched to Pg based on the 1-tone
contours, a 128-QAM operation would give P =37.2 dBm ~ 5.3 W, whereas the maximum at-
tainable is 37.7 dBm ~ 5.9 W. The difference is 0.6 W, which can be a significant power value in
wireless communications. Another way to underline this difference is to isolate the contours for
a certain Py level, as shown in Fig. A.4b. The 1-tone contour for P, ~ 37 dBm overlaps with the
corresponding 128-QAM contour only over a very small region of the latter.

For linearity, 2-tone IM3 and 128-QAM ACPR measurements were performed in two adjacent
frequency channels below and above the signal bandwidth. The measurements, shown in Fig. A.5
and Fig. A.6, show IM3 and ACPR values for each P, level being similar. All optimal Z points
are adjacent on the Smith Chart and move towards the real axis as P, level increases, with linearity

worsening, as expected, since the drive moves closer to saturation.
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Table A.2: The L-P measurement results for all Pic(; 23

. M3/ . M3/
Figure P; S,;gnzl 71 () IZ*H;}/mP)L ACPR | Figure P ST%“:I Zi () P(*H;slml} ACPR
P (dBe) P (dBe)
48.6 + 0.3+
P, 1-tone 314 20/30.7 —/ - P53  2-tone i29.8 20/ — 276/ —
474 + 5.8+
A3a Po 1-tone i26.7 24 /344 —/— A5b Pis 2-tone i16.4 24 | — -27.3 /1 —
P,  I-tone ‘;(1)'69 7+ 28/37.2 . Pis 2-tone 1.3+j04  28/— 4.8/ —
128- 402 + 128- 8.8 +
Pi oA 258 20/32.6 . Pio oA 147 20/ — /275
128- 377+ 128- 11.6 +
P; . 241357 . P . 24/ — — /267
. AM 13.
A 1 A
- d+ - .
Pi oA o1 28/37.7 . Pis  gap 4642 28/ — /225
128- 20.6 + 128- .
P oaM 76 327372 . P oam 13S0 32/ /233
40.9 128- 10.2 +
v Po  ltone ol 287372 . Pu Gam 178 20/ — — /284
Aa
128- 29.1 + 128- .
Py oaM Yy 28/37.7 . Pa oam 1224012 24/ /266
0.4 A.6b 128
4+ - .
P, 2-tone 187 20/ — 27/ — Pn oo AO+H2 28/ —/-27
1.6 + 128- .
ASa P 2-tone 143 24/ — 257/ — Pu oam 873 3/ — /233
0.5+
P, 2-tone i18.7 28/ — 23/ —

From [9] ©2020 IEEE.
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APPENDIX B

AEROSOL JET PRINTING MATERIALS

B.1 Material Mixing, Handling, and Storage

This section provides a summary of mixing procedures, as well as suggestions for handling and
storing the materials used for the fabrication of aerosol jet-printed components in this dissertation.
All the materials were printed using the Optomec Aerosol Jet 5X printer. Details on the printer and
the printing procedures are given in Appendix C. PI and BCB inks are used f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>