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Abstract

RF switches are the fundamental building blocks for realizing reconfigurable front-
ends in communication devices. Currently available RF switches are dominated by
semiconductor technology which, while performing adequately up to a few GHz, suf-
fer from signal leakage issues at millimeter-wave (mmWave) frequencies. On the other
hand, mechanical RF components provide exceptional RF performance and reliability,
but are bulky and expensive, whereas switches based on microelectromechanical sys-
tems (MEMS) have reliability issues and require high actuation voltage. Therefore, there
is a clear need to develop reliable miniature components in order to deliver cost-effective

and superior RF performance for various applications at mmWave frequencies.

Chalcogenide phase change materials (PCMs) have been widely used in optical stor-
age media and non-volatile memories. PCM especially germanium telluride (GeTe) ex-
hibits more than five-orders of resistance change with the application of short nano-
microsecond thermal pulses. PCM'’s property of resistance change is exploited to de-
velop highly miniaturized and latching (non-volatile) RF switches with negligible DC
power consumption. RF PCM technology carries a potential to highly miniaturize and

monolithically integrate complex reconfigurable microwave components.

This thesis reports the development of miniaturized and reliable PCM GeTe-based
RF switch as a fundamental unit-cell for reconfigurable mmWave devices. RF switches
that exhibit exceptional RF performance from DC to 67 GHz are developed using an opti-
mized in-house eight layer microfabrication process. Design parameters of the switches
and their impact on RF performance is investigated along with material characterization
and optimization of GeTe thin films. High power handling and linearity of the switches
has been experimentally investigated. The developed GeTe-based RF switches are cycled
for more than 1 million times demonstrating high reliability. The non-volatility of the
PCM switches has been validated by studying the variation in ON-state and OFF-state

resistance over time.

Miniaturization of reconfigurable RF components requires dense integration of RF
switches. PCM GeTe-based switch matrices utilizing RF switches as a unit-cell have been
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demonstrated for the first time. Compact single-port multiple-throw (SPNT) switches
are developed in SP2T, SP3T, SP8T, and SP16T configurations. A monolithically inte-
grated scalable four-port RF switch unit-cell is demonstrated with two operational states.
A reconfigurable band rejection module is realized utilizing a scalable switch matrix.
A broadband mmWave T-type RF switch with three operational states is demonstrated
from DC to 67 GHz. An approach to monolithically cascade T-type switches for redun-
dancy applications is used for the development of a 4 x 6 redundancy switch matrix.
Multiple compact PCM GeTe-based scalable crossbar switch matrices are developed for
mmWave applications. Crossbar switch matrices up to 16 x 16 are also developed for

non-volatile low frequency signal routing applications.

This thesis reports first demonstration of various PCM-based reconfigurable RF com-
ponents. Utilizing multi-port switches and switch matrices, RF components such as
switched capacitor banks, reconfigurable switched variable attenuators, true-time-delay
switched phase shifters and reflective type phase shifters are developed for mmWave
applications. Broadband on-chip integrated resistors and matched terminations are de-
veloped. A technique to improve the self-resonance frequency of on-chip capacitors by

design optimization has been discussed.

PCM-based switches allow extremely tight integration in reconfigurable RF circuits
despite their requirement of higher than 725 °C for melt-quench switching action. Heat
distribution and thermal cross-coupling (actuation crosstalk) in GeTe-based switches
has been experimentally studied for the first time using transient thermal imaging. In-
termediate non-volatile resistance states in GeTe are observed at cryogenic and room
temperatures. This can be seen as an opportunity to improve the reliability of PCM
GeTe-based devices at superconducting temperatures. Possibility of monolithic integra-
tion and miniaturization capabilities of PCM technology for reconfigurable RF compo-
nents demonstrated that are in this doctoral research prove the vast potential of this

technology for future wireless networks.
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List of Terminology

Amplitude is the magnitude of variation in a changing quantity from its zero value.
The word required modification - as with adjectives such as peak, maximum, rms,
etc. - to designate the specific amplitude in question.

Attenuation is the decrease of a signal with the distance in the direction of propagation.
Attenuation may be expressed as the scalar ratio of the input power to the output
power, or as the ratio of the input signal voltage to the output signal voltage.

Attenuator is a passive electronic device that reduces the power of a signal without
appreciably distorting its waveform. An attenuator is effectively the opposite of an
amplifier, though the two work by different methods. While an amplifier provides
gain, an attenuator provides loss, or gain less than 1.

Bandwidth (BW) is the range of frequencies for which the RF performance falls within
specific limits.

Bias Tee is used to supply DC currents or voltages to bias RF circuits. A Bias tee is a
three-port device consisting a capacitor and an inductor. A Bias Tee can be thought
of as a diplexer with an ideal capacitor that allows AC through but blocks the DC
bias and an ideal inductor that blocks AC but allows DC.

Characteristic Impedance (Z) is the characteristic property of a transmission line de-
scribing the ratio between electric and magnetic fields.

Circulator is a passive, non-reciprocal three- or four-port device, in which a microwave
or radio-frequency signal entering any port is transmitted to the next port in rota-
tion (only).
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Coaxial Cable is a type of transmission line consisting of two concentric conductors in-
sulated from each other. In its flexible form it consists of either a solid or stranded
center conductor surrounded by a dielectric. A braid is then woven over the di-

electric to form an outer conductor. A protective plastic covering is placed on top
of the braid.

Cold Switching is operating the switch in a mode such that no voltage differential ex-
ists between source and drain when the switch is closed or no current is flowing
from source to drain when the switch opens. Switches have longer life when cold
switched.

Coplanar Waveguide (CPW) is a type of electrical planar transmission line which can
be fabricated using printed circuit board technology, and is used to convey RF and
microwave-frequency signals. On a smaller scale, coplanar waveguide transmis-
sion lines are also built into monolithic microwave integrated circuits.

Crosstalk is a measure of undesired signals coupled through from one channel to an-
other mainly due to parasitics.

Cut-off Frequency (F,,) is a measured to define the figure of merit of an RF switch and
defined as 1/ (27 - Ry - Coﬁc). Higher F,, is preferred for RF switches.

dBm is unit of level used to indicate that a power ratio (expressed in dB) with reference
to one milli-watt (mW). Itis a relative measure of signal power where the reference
0dBm =1mW

De-Embedding is mathematically removing the measurements affected by the fixture
leaving only the behavior of the device under test. This is commonly used when
there are non-coaxial connection from the VNA to the DUT, and it is used on circuit
board traces, backplane channels, semiconductor packages, connectors or other
discrete components.

Decibel (dB) is arelative unit without dimensions calculated as ten times the logarithm
to the base 10 of a power ratio or as twenty times the logarithm to the base 10 of a
voltage ratio.

Delay Line A cable that delays electrical signals by a specified amount of time.
Dielectric Constant (€;) is the electrical property of a material that describes its behav-

ior in an electric field. The dielectric constant of the dielectric material is the most
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important design parameter for transmission lines and MIM capacitors, and deter-
mines dimensions, losses and propagation characteristics.

Dielectric Loss (tand) is a dielectric material’s inherent dissipation of electromagnetic
energy. It can be parameterized in terms of either the loss angle J or the corre-
sponding loss tangent (tan §). Both refer to the phaser in the complex plane whose
real and imaginary parts are the resistive (lossy) component of an electromagnetic
field and its reactive (lossless) counterpart.

Directional Coupler are passive devices used to couple a defined amount of electro-
magnetic power in a transmission line to a port enabling the signal to be used in
another circuit. Directional couplers only couple power flowing in one direction.
Power entering the output port is coupled to the isolated port but not to the cou-
pled port.

Dissipation is the unusable or lost energy, such as the production of unused heat in an
RF circuit.

Distortion is an unwanted change or addition to a signal or waveform when it is ampli-
fied. This definition excludes noise which is an extraneous signal super-imposed
on the desired signal.

Dummy Load is a dissipative device used at the end of a transmission line or waveg-
uide to convert transmitted energy into heat, so essentially no energy is radiated
outward or reflected back to its source.

Dynamic Range in terms of signal analyzer dynamic range is the maximum power ratio
(in dB) between a high power signal and low power signal that are present at the
input of the signal analyzer — such that both signals can be discerned and measured
at the same time or in the same display.

GSG Probe is a type of contact probe with ground-signal-ground (GSG) contact geom-
etry in coplanar waveguide (CPW) configuration with specified pitch (spacing).
GSG probes are most commonly used to perform on-wafer/die RF measurements.

Hermetic Sealing is any type of sealing that makes a given object airtight. Applications
for hermetic sealing include semiconductor electronics, optical devices, MEMS,
and switches. Electrical or electronic parts may be hermetic sealed to secure against
water vapor and foreign bodies to maintain proper functioning and reliability.
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Hot Switching is operating the switch in a mode where a voltage differential exists be-
tween source and drain when the switch is closed and/or current is flowing be-
tween RF channels when the switch is opened. Hot switching results in a reduced
switch life, depending on the magnitude of the open circuit voltage between the
source and the drain.

Impedance Match is a condition in which the impedance of a component or circuit is
equal to the internal impedance of a transmission line. This gives maximum trans-
fer of energy from the source to the load, as well as minimum reflection and dis-
tortion.

Insertion loss (IL) is the amount of signal attenuation (expressed in dB) between the
input and output ports of the RF device when the switch is in the ON-state. Insertion
loss should be as low as possible for maximum power transfer.

Intermodulation Distortion (IMD) is a phenomenon that occurs when two or more
fundamental frequencies are present in an electronic circuit.

Isolation (ISo) isthe amount of signal attenuation (expressed in dB) between the input
and output ports of the RF device when the switch is in the OFF-state. Isolation
should as high as possible.

Latching Switch is a switch that maintains its state after being activated. A push-to-
make, push-to-break switch would therefore be a latching switch - after actuating
it, whichever state the switch is left in will persist until the switch is actuated again.

Lifetime Actuation Cycles is the number of consecutive ON and OFF actuation cycles
that can complete without the ON-state or OF F'-state resistance exceeding a specified
limits and no occurrence of failures to ON-state or OFF-state of the switch.

Lumped Model simplifies the description of the behavior of spatially distributed phys-
ical systems into a topology consisting of discrete entities that approximate the
behavior of the distributed system under certain assumptions.

Matched Load (ML) is a device used to terminate a transmission line or waveguide so
that all the energy from the signal source will be absorbed.

Microstrip is a type of transmission line configuration which consists of a conductor
over a parallel ground plane, and separately by a dielectric substrate.
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OFF Capacitance (C,f) is the parasitic OFF-state capacitance of the RF switch and mea-
sured between input and output port of the switch. Low Cyy is preferred for RF
switches to achieve high isolation and high figure of merit.

OFF Resistance (R,z) is the resistance ((2) of the RF switch when the switch is in OFF-
state and measured between input and output port of the switch. High R is pre-
ferred for RF switches to achieve high isolation.

ON Resistance (R,,) is the resistance (()) of the RF switch when the switch is in ON-
state and measured between input and output port of the switch. Low Ry, is pre-
ferred for RF switches to achieve low insertion loss and high figure of merit.

Power Sensor converts high-frequency power to a DC or low-frequency signal that the
power meter can measure and relate to an RF power level. The meter displays the
detected signal as a power value in dBm or watts.

Probe Station is used to physically acquire signals from the internal nodes of a semi-
conductor device. The probe station utilizes manipulators and probe heads which
allow precise positioning of fragile probes (DC/RF) on the surface of a DUT. Probe
station allows on-wafer testing flexibility, and is often faster and more flexible to
test a new electronic device than to wire bond and package.

Propagation Delay (7) is the time required for an electronic digital device, or transmis-
sion network to transfer information from its input to its output.

Pulse is a change in the level, over a relatively short period of time, of a signal whose
value is normally constant.

Pulse Width is the length of time that the pulse voltage is at the transient level. For
PCM switches, pulse widths are usually in the microsecond (1 x 10~ sec) and/or
nanosecond (1 x 107 sec) range.

Real-Time Oscilloscope captures an entire waveform on each trigger event. Put an-
other way, this means that a large number of data points are captured in one con-
tinuous record.

Resistance Lifetime Stability is the continuous lifetime measures how long the RFPCM
switch is left in a continuously ON or OFF-state without failure.

Return Loss (RL) is the magnitude of the reflection coefficient (expressed in dB), and
the amount of reflected signal relative to the incident signal.
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RF Power Amplifier is a type of electronic amplifier that converts a low-power radio-
frequency signal into a higher power signal.

RF Power Rating is the maximum level of RF power that passes through the RF device
without degradation to the switch lifetime when it is in the ON-state.

S-Parameters are used to describe the relationship between different ports, when it be-
comes especially important to describe a network in terms of amplitude and phase
versus frequencies, rather than voltages and currents.

Single-Pole Multi-Throw (SPNT) aswitch that has a single input and can connect to N
output. Multiport switches or single pole, multiple throw (SPNT) switches allow
a single input to multiple (two or more) output paths.

Single-Pole Single-Throw (SPST) aswitch thatonly has a single input and can connect
only to one output. This means it only has one input terminal and only one output
terminal and serves in circuits as on-off switches. When the switch is closed, the
circuit is on. When the switch is open, the circuit is off.

SMA Connector (SMA A) is typically 50 Q - subminiature coaxial connector with screw
type coupling mechanism. SMA A connectors work from DC to 18 GHz.

Source Measure Unit (SMU) is an instrument that can precisely source voltage or cur-
rent and simultaneously measure voltage and/or current. It combines the useful
features of a digital multimeter (DMM), power supply, true current source, elec-
tronic load and pulse generator, all into a single, tightly synchronized instrument.

Spectrum Analyzer measures the magnitude of an input signal versus frequency within
the full frequency range of the instrument. The primary use is to measure the
power of the spectrum of known and unknown signals.

Standing Wave is the distribution of current and voltage on a transmission line, result-
ing from two sets of waves traveling in opposite directions.

Standing Wave Ratio (SWR) is a measure of the mismatch between the load the line. It
is equal to 1 when the line impedance is perfectly matched to the load. The perfect
match would be a 1 to 1 ratio.

Switching Speed is the speed at which the RF switch can be switched ON and OFF. It is
dependent on both settling times and ON to OFF switching times.
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Third-Order Intercept (IIP3) is the intersection point of the input power (Pj,) vs. fun-
damental output power (Poyt) extrapolated line and the third-order intermodula-
tion (TOI) products extrapolated line of a two tone test. IIP3 is a figure of merit
that characterizes the switch linearity.

Transmission Line is a specialized cable or other structure designed to conduct alter-
nating current of radio frequency, that is, currents with a frequency high enough
that their wave nature must be taken into account.

Vector Network Analyzer (VNA) is a device used to measure S-parameters of the cir-
cuit of interest for various frequencies. VNA is a test instrument that measures the
response of a network as vector: real and imaginary parameters so that its perfor-
mance can be characterized.

Voltage Standing Wave Ratio (VSWR) is a measure of the reflection, resulting from a
ratio of the input signal to the reflected signal. VSWR = (1+L) / (1-L).

Wavelength (A) isthe distance, measured in the direction of propagation, of a repetitive

electrical pulse or waveform between two successive points that are characterized
by the same phase of vibration.
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Chapter 1

Introduction

1.1 Motivation

The telecommunication industry across the globe is an area of strategic international in-
terest. It is enjoying phenomenal growth with no sign of slowing down. The demand for
bandwidth has continued to grow over the last few years, largely due to an increased use
and number of communication devices. Current generation of wireless technologies are
limited in terms of meeting higher network capacity and throughput demands of wire-
less devices. 5G millimeter wave (mmWave) spectrum ranging from 24 GHz to 95 GHz
carries the potential to provide a solution to the growing demands by providing access
to high-data-rate wireless connections, wider bandwidth, miniaturization of component
sizes, low interference, and low latency.

Radio frequency (RF) components will have a market of $45 billion by 2025; North
America accounted for over 28% of the global revenue in 2019 [1]. RF devices are ex-
pected to exhibit rapid growth over the coming years, primarily due to increasing experi-
mentation with switch architectures. For 5G roll-out, affordable RF components are nec-
essary to configure antennas, filters, and multi-band amplifiers in RF modules respon-
sible for transmitting and receiving radio signals. Microwave switching networks [2, 3],
the major building blocks in wireless communication systems and satellite payloads,
are used for signal routing and provide system redundancy [4-6]. In addition, switch
matrices allow signal reconfigurability between various ports and channels [2-7].

RF switches are the fundamental building blocks for realizing reconfigurable front-
ends in communication devices. Currently available RF switches are dominated by semi-
conductor technology, suffer from signal leakage issues at mmWave frequencies. On the
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other hand, mechanical RF components provide exceptional RF performance and relia-
bility, but are bulky and expensive [8-10]. Although RF-MEMS outperformed the semi-
conductor based and mechanical switches in terms of optimal RF performance [10-12],
unfortunately, these micro-mechanical switches have reliability issues and need high
dc voltage to operate [11, 13-16]. Therefore, there is a clear need to develop reliable
miniature components in order to deliver cost-effective and superior RF performance
for various applications at mmWave frequencies.

Phase change material (PCM), presently the most promising candidate for building
low-cost, low-loss broadband mmWave components, has been widely used in optical
storage media [17-19]. More recently, phase-change chalcogenides have been used in
digital non-volatile memory devices [ 19-21], taking advantage of the electrical resistance
change to improve memory density and switching speed over flash-memory devices.
PCMs, have been known for many years that was originally identified by Ovshinsky [22],
in electrical signal switching, in addition to its current applications in non-volatile mem-
ory and optical storage. The use of PCM in RF technology has recently been exploited
with the first demonstration of a functional chalcogenide RF PCM switch was reported
in 2013 [23-27]. PCM technology offers development of highly miniaturized and latch-
ing (non-volatile) switches with negligible dc power consumption. PCM’s property of
offering more than six orders of resistance change with the application of nanosecond
voltage pulses, makes this technology an ideal candidate for high-speed switching at
mmWave frequencies.

Recent studies on the behavior of these materials in RF devices, suggest that they
can be further used in designing complex communication subsystems such as switch
matrices[20, 23, 24, 27]. A typical switch-matrix topology is shown in Fig. 1.1, and a de-
tailed view of the network is shown in Fig. 1.2 [28-30]. The matrix shown has N columns
and M rows in a cross bar configuration. The RF switches in the given configuration are
placed at the S junctions. Activating S; ; (a unit cell consisting of three switches) connects
the signal from RF-R; to RF-C;. The challenges are to isolate other switches and im-
prove device performance, since as the number of elements increases, the transmission
loss also increases. In addition to the crossbar switch matrices, other architectures for
switch-matrices are investigated in this research. To the best of our knowledge, no work
has been reported on PCM-based integrated switch matrices till date.

The goal of this doctoral research is to exploit the phase change material technology
to develop reliable PCM-GeTe based multi-port RF switches, introduce novel RF switch
matrices and develop reconfigurable and miniaturized RF components. An extensive set
of RF components including switchable capacitor banks, variable mmWave attenuator,
phase shifters and impedance tuner are developed. PCM GeTe-based switches are used
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Figure 1.2: 3 x 3 crossbar switch matrix junc-

tions

as unit-cells to develop switch-matrix architectures and reconfigurable RF components.
PCMs offer unique advantages in RF applications: (a) being latching switches, they con-
sume very little dc power [23, 24]; (b) being very small, they allow the realization of
highly miniaturized monolithically integrated devices and; (c) having no mechanical
actuation components, they offer high reliability [11].

1.2 Research Objectives

Development of Reliable PCM GeTe-based RF switches for mmWave applica-

tions

The primary objective of this research is to develop PCM GeTe-based RF switches
with RF performance surpassing the current state-of-the-art. Recently reported
RF PCM switches have poor RF performance at mmWave frequencies. The objec-
tive is to study the PCM GeTe using various characterization tools such as atomic
force microscopy, scanning electron microscopy and other material characteriza-
tion methods. This task involved optimization of PCM GeTe and to incorporate
into custom microfabrication processes developed in-house with improvement in
RF performance and reliability. The research is focused on RF performance im-
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provement by investigating design parameters and developing RF switches with
excellent RF performance over DC to 60 GHz. Various performance parameters of
the developed switch such as linearity, intermodulation distortion, third order in-
tercept point (IP3), power handling, current carrying capacity need to be studied
and compared with current state-of-the-art. This objective is further focused into
investigation of any self-actuation or power handling limitations of the RF PCM
switches. The ultimate goal is to develop reliable PCM RF switches with stable
switching actuations.

Experimental investigation on transient heat distribution and thermal actuation
crosstalk in GeTe RF Switches

PCM GeTe-based RF switches require high speed (in nanosecond regime) embed-
ded thin-film micro-heaters to provide actuation pulse signal. GeTe requires more
than 725 °C heat for nanosecond duration to achieve melt-quench sequence for
reversible phase change operation. Embedded refractory ultra high speed micro-
heaters are developed. The objective is to study the heat profile of the micro-
heaters using FEM modeling and to experimentally investigate transient thermal
performance of the micro-heaters for PCM switches utilizing a highly efficient
thermoreflectance based transient thermal imaging technique with nanosecond
spatial resolution. The goal is to investigate the heat distribution in refractory thin-
film micro-heaters and RF switches to accurately study any thermal crosstalk in
PCM RF switches. Study of the transient thermal behavior is required to estimate
integration density limits of PCM switches in multi-port switching networks and
reconfigurable RF circuits.

Development of multi-port PCM-based RF switches and monolithically inte-
grated miniaturized switch matrices

Multi-port switches are an integral part of any reconfigurable and switchable RF
system. Multi-port switch configuration SPNT provides the flexibility to route
the RF signal at input port to any available output port. The objective is to utilize
PCM SPST switches for the development of various multi-port PCM GeTe-based
RF switch configurations such as SP2T, SP3T, SP8T and so on. The task is divided
in two sub-tasks. One is to investigate highly miniaturized multi-port device con-
figurations, and second task is focused on utilizing multi-port unit-cells for the
development of various switch matrices. The goal is to develop various monolith-
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ically integrated RF switch matrix configurations for signal routing applications
and redundancy applications for mmWave applications.

Demonstration of reconfigurable monolithically integrated PCM GeTe-based
RF components

This objective is focused on incorporating PCM RF SPST and SPNT switches in
various RF components. The research goal of this objective revolves around de-
veloping reconfigurable passive components such as capacitor banks, variable at-
tenuators and phase shifters. Miniaturized configurations, dense integration and
latching operation of PCM switches allow developing a library of passive recon-
figurable RF components.

Characterization of PCM GeTe RF switches at cryogenic temperatures

The final objective is to characterize RF PCM switches at cryogenic temperature.
The goal is to investigate performance stability and resistance change effect at low
temperatures. The focus is to investigate any stable intermediate resistance states
in PCM GeTe at cryogenic temperature.

1.3 Thesis Outline

This chapter reviews the introduction, motivation and research objectives followed by
chapter 2 that includes the background information about phase change materials and
their potential use in RF systems. Current state-of-the-art RF switches and switch ma-
trix topologies are also discussed in chapter 2. Chapter 3 discusses characterization and
optimization of PCM GeTe using various material characterization tools. Various thin-
films used in PCM microfabrication processes are characterized. Methods to alleviate
stresses are also discussed in chapter 3. The PCM GeTe-based RF switches are reported
in chapter 4 including three generations of microfabrication processes and parametric
design studies. Various measurement test setups are reported in chapter 4 including
high RF power testing, linearity, intermodulation distortion measurements, switching
speed testing, DC IV characteristics testing and device cycle/reliability testing. Chap-
ter 5 reports transient thermal modeling and measurements of PCM switches to investi-
gate thermal crosstalk and bias limits. Multi-port PCM-based switches including SP2T,
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SP3T, SP6T and SP18T are reported in chapter 6 which also includes various switch ma-
trices topologies including, T-type switch, redundancy matrix, device selector and cross-
bar matrices for mmWave and also for low-frequency applications. Chapter 7 discusses
PCM-based RF components developed including capacitor banks, variable attenuators,
switched type phase shifters and reflective type phase shifters. PCM switches are char-
acterized at cryogenic temperatures to room temperatures (77K to 335K) and the IV
characteristics are recorded over temperature change which is presented in chapter 8.
Intermediate resistance states in PCM GeTe switches are observed which is also reported
in chapter 8. Conclusions and future work on this research are summarized in chapter 9.
An in-depth microfabrication process flow is summarized in Appendices A and the list
of equipment/software used in this research is reported in B.
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Chapter 2

Background Information

2.1 History of Phase Change Materials

While Ovshinsky is generally credited as the inventor of phase change materials for in-
formation storage [22], the discovery of phase changing electrical characteristics dates
back to the early 1900s in the little known and seldom cited pioneering work of Alan
Tower Waterman. While studying thermionic emission of certain hot salts [31], Water-
man noted some peculiarities in the conductivity of MoS,. This observation led him to
further investigation of the conductivity of MoS;. He observed a large negative coeffi-
cient of resistance of the MoS; with respect to temperature in as much Ohm’s law is not
obeyed. This large negative coefficient of resistivity is typical of semiconducting chalco-
genide materials. More significantly, he also observed a breakdown characteristic when
the device under test was heated by means of the electronic current. He pointed out that
MoS; may exist in two forms, a of high resistance and S of low resistance. The break-
down phenomenon and progressive conductivity changes are prominent of the phase
change behavior in chalcogenide materials. In his study, however, without high speed
melt-quench technique, the phase change or conductivity change is either permanent or
semi-permanent [32].

Waterman pointed out that the transition from a form to B form was initiated by
heat, electric field or light. Without the use of modern physical analysis tools such as
transmission electron microscopy and x-ray crystallography, Waterman was not able to
observe any physical changes of MoS, along with the conductivity changes. He did
notice an increase in hardness accompanying increased conductivity [17].
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2.1.1 Further Advancements in Phase Change Memory

In 1962, studying the chemical, physical, and electrical properties of some unusual inor-
ganic glasses, A. David Pearson et al. [33 ] of Bell Laboratories observed the extraordinary
current-voltage characteristics when a point contact is set down on a slice of the As-Te-I
glass with a broad-area low-resistance contact on the back. There was no attempt made
to explain the mechanism which might have caused such extraordinary characteristics.

Since 1960, Ovshinsky has been working with amorphous chalcogenides. He de-
veloped both electrically controlled threshold and memory switching devices and first
reported his findings in a paper published in Physical Review Letters in 1968 [22] which
detailed the operations of reversible switching in memory devices composed of 48 at.
% tellurium, 30 at. % arsenic, 12 at. % silicon, and 10 at. % germanium. The most sig-
nificant contribution of Ovshinsky’s work is that the practicality of the switching phe-
nomenon was demonstrated in continuous successful switching operations of multiple
devices over periods of many months. Interest in phase change memory was practically
initiated by this ground-breaking paper by Ovshinsky which remains the most cited lit-
erature in the field of phase change memory [17].

2.1.2 Early Attempts with Phase Change Memory

In the early 1970’s, phase change memory drew a lot of interest in the industry and
academia with the rapid expansion of applications of computers. The most notable work
was the development of a 256-bit array comprised of a 16x16 matrix of phase change
memory cells by R. G. Neale and D. L. Nelson of Energy Conversion Devices along
with Gordon E. Moore of Intel [34]. Their memory cell consisted of a storage element,
coined as the Ovonic amorphous semiconductor switching device, in series with a sili-
con p-n junction diode. The Ovonic memory element comprised of a thin film of phase
change material sandwiched between two molybdenum electrodes was a non-volatile
bi-stable resistor. The high-to-low resistance ratio was about 10% providing ample data
signal. The peculiar switching characteristics of phase change semiconductor devices
along with other devices with similar characteristics such as binary metal or semicon-
ductor oxide and solid state electrolytic devices continued to stir up interest in industry
and academia. In 1971, while at Purdue University, Leon Chua classified these devices,
along with resistor, inductor and capacitor, as the fourth of basic two-terminal elements
he called memristor [35]. The fourth element, memristor, is a contraction of memory
and resistor. Chua argued that this new element is necessary to complete the symmetric
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relationships connecting two of the four fundamental circuit variables: the current, the
voltage, the charge and the flux-linkage.

Before the phase change memory device went into hibernation, another attempt to
build a phase change memory device was disclosed by Roy R. Shanks and Craig Davis
of the Burroughs Corporation. They published their result of a 1024-bit phase change
memory in 1978 [17, 36].

2.2 Theoretical Background

2.2.1 Basic Principle of Phase Change Materials

Phase change material (PCM) has the unique property of reversible switching between
amorphous and crystalline states upon specific heat treatment by means of electrical
pulses. The state where atoms are arranged in a disorderly manner (short range order)
is called the amorphous state, whereas the state where atoms are organized in an orderly
manner (long range order) is called crystalline state. The disordered amorphous state
has a lower mean free path of conduction for electrons that impedes current flow due
to electron scattering, thus resulting in a higher resistance when compared to the crys-
talline state. For non-volatile memory applications, the conventional principle of PCM
is illustrated in Fig. 2.1. The large contrast in resistance between the two states is used as
a form of non-volatile memory to represent two states of binary [37].

A medium amplitude (typically 1-2 V) and long duration (typically >100 ns) SET
electrical pulse is used for crystallization during a transition to the ON state. Energy from

Crystalline State Amorphous State

©GeorSbh @Te

Figure 2.1: Reversible switching of phase change material using an electrical pulse, in non-
volatile memory applications
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the SET pulse heats the material for sufficient time to crystallize the material and pro-
vides adequate time for the atoms to reorganize to an orderly arrangement, thus trans-
forming from an amorphous state to crystalline state. The mechanism for SET operation
will be elaborate in section 2.3.3. The SET pulse is illustrated by the blue arrow in Fig. 2.1.

A short duration (typically <40 ns) and high amplitude (typically >2 V) RESET elec-
trical pulse is used for re-amorphization. The RESET pulse provides sufficient energy to
melt the material to disorder the atoms follow by rapid quenching to freeze the atoms,
thus transforming the material from a crystalline state to an amorphous state. This is
elaborated in section 2.3.3. Some recent work suggests that it is possible to carry out re-
amorphization during the RESET operation without melting the material, which is also
discussed in section 2.3.3. The RESET pulse is illustrated by the red arrow in Fig. 2.1.

The information can be extracted or simply read back by measuring the resistance of
the phase change material using a low amplitude (typically 0.2 V) electrical pulse. The
read voltage pulse must not only be low enough to prevent unwanted phase transfor-
mation, but also it must be lower than the threshold voltage. A higher energy pulse is
required for the RESET operation to melt the material as compared to the SET operation
to crystallize the material, since the crystallization temperature is lower than the melting
temperature of the material. This is the primary factor limiting the reduction of power
consumption in these type of devices.

For optical storage applications, the electrical pulse is replaced with a laser pulse to
transform the material between the amorphous and crystalline states. The reflectivity is
detected using a lower power laser to differentiate between the amorphous state (low
reflectivity) and crystalline state (high reflectivity) This operation of the phase change
switch is similar to the scheme applied for non-volatile memory.

2.2.2 Phase Change Alloys

Phase change (chalcogenide) material is defined as alloys containing group VI elements
such as sulfur (S), selenium (Se) and telluride (Te). Alloys containing germanium
(Ge), antimony (Sb) and Te are most common, with germanium-antimony-telluride
(GeySbyTes) alloy being the most thoroughly researched material. Fig. 2.2 shows the
ternary phase diagram for this system where single phase alloys that lie on the pseudo
binary line of germanium telluride (GeTe) and antimony telluride (SbyTe3) are indi-
cated. Allies include Ge;SbyTes, GeySbyTes, and Ge;SbsTe;. Along the pseudo binary
line from GeTe to Sb,Te3, the properties change from high stability and low speed to low
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Figure 2.2: Ge-Sb-Te ternary phase diagram depicting various phase change alloys along with
single phase compositions that reside on the tie-line of GeTe and Sb,Te;

stability and high speed [37, 38]. A material composition selected from the pseudo bi-
nary line may typically achieve fast crystallization and reasonable stability. However for
a reconfigurable switch in RF applications, low ON state resistance and large dynamic
range is very crucial.

2.3 Phase Change Materials for RF Applications

2.3.1 Metal-Insulator Transition Material - Vanadium Oxide

Vanadium (IV) dioxide or simply VO, in short is an inorganic compound. It is a dark
blue solid. VO, is amphoteric, dissolving in non-oxidizing acids to give the blue vanadyl
ion, [VO]?* and in alkali to give the brown [V4O9]?~ ion, or at high pH [VO4]*~ [39].
VO, has a phase transition very close to room temperature (=68 °C). Electrical resis-
tivity, opacity, etc., can change up several orders. At the rutile to monoclinic transition
temperature, VO, also exhibits a metal to semiconductor transition in its electronic struc-
ture: the rutile phase is metallic while the monoclinic phase is semiconducting [40]. The
optical band gap of VO, in the low-temperature monoclinic phase is about 0.7 eV. Due
to these properties, it has been widely used in surface coating [41], sensors [42], and
imaging [43]. Potential applications include in modern era witness its use in memory
devices [44] and RF systems [45].
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As discussed before, GeTe is preferred as a perfect material for RF devices due to the
latching nature of the material. Just a short duration of pulse is required to switch the
state, while VO, requires consistent biasing, thus consumes continuous power. More-
over, deposition of VO, is very inconsistent due to the requirement of reactive sputter-
ing. As depositing thin films of VO, requires precise amount of oxygen in the sputtering
chamber, slight variation of oxygen rate or pressure can produce different undesired
oxides like vanadium sesquioxide or trioxide (V,03), vanadium pentoxide (V,0s5) or
other oxides, which does not exhibit metal-insulator transition (MIT) or in simple words,
does not show resistance change behavior. Sputtering target gets oxidized fast and needs
cleaning after 3-4 depositions. On the other hand, GeTe target can be used for DC sput-
tering [46]. As there is no any reactive component involved, thus design to development
time is short. These advantages of GeTe makes it a an ideal phase change material for
the development of RF devices and systems.

2.3.2 Germanium Telluride (GeTe)

GeTeis a chemical compound of germanium and tellurium and is a component of chalco-
genide glasses. It shows semi-metallic conduction and ferroelectric behavior [47]. GeTe
exists in three major crystalline forms, room-temperature « (rhombohedral) and -y (or-
thorhombic) structures and high-temperature  (cubicm rocksalt-type) phase; a phase
being the most phase of pure GeTe below the ferroelectric Curie temperature of ap-
proximately 670K [48, 49]. Doped GeTe is a low temperature superconductor [50].
Table 2.1 summarizes the relevant measured physical, electrical, and optical constants
of amorphous and crystalline GeTe films [51]. The ON (crystalline) state resistivity is
2 x 107* O-cm and OFF (amorphous) state resistivity is >10% Q-cm. This results in a
dynamic range (OFF state/ON state resistance ratio) of around 5 x 10° times. These re-
sults satisfy the requirements for reconfigurable switches in RF applications [23, 24, 37].

2.3.3 Switching from Amorphous to Crystalline State

Phase change (memory) switching and threshold switching are two types of switching
effects in the phase change chalcogenide systems. In amorphous state, the current is
low till threshold voltage. This type of switching occurs when the programming voltage
reaches beyond the threshold voltage. The amorphous material switches from a high
resistivity to a low resistivity state, with a rapid concurrent increase in current after the
voltage snapback. The material is said to be in “ON” state. In this state the material is still
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Table 2.1: Summary of the measured physical, electrical, and optical constants of amorphous
and crystalline GeTe films [51]

Material Property Units Amorphous®  Crystalline
Density g/cc 56=+0.5 6.17
Resistivity ()-cm

at 300 K ~ 10° ~2x107

at 77 K > 1010 ~15x 1074
Temperature Coeff. Resistivity Negative Positive
Conductivity type (Hall)
Carrier concentration cm 3 ~10'8 102 — 102!
Mobility cm? V-1 sec!

at 300 K <1072 15 —120

at 77 K NAP 20 — 250
Susceptibility mass ms /M, NAP 0.16 — 0.35
Fermi energy at 300 K eV NAP 0.3-0.5
Optical gap eV ~ 0.85 ~ 0.73 —0.95
Electrical band gap eV ~ 0.8 (intrinsic) ~ 0.1 —-0.2

4 Amorphous films are stable below 145 °C
b NA: Data not available

amorphous but in a highly conductive state. Increasing the applied voltage beyond the
threshold voltage, the resistivity can be further reduced and that allow an even higher
J through the material. This eventually causes the material to switch to the crystalline
state as a result of joule heating effect and this is experimentally observed [37]. The
threshold voltage is essential in getting enough power to the amorphous state of material
such that it can switch to crystalline state at reasonable voltages. Since the resistance of
amorphous state of phase change device is typically in the order of ~ 10°Q), the voltage
has to be large enough to provide sufficient power to change the state of the device.
The threshold switching effect enables the switching of amorphous to crystalline state
at reasonable voltages.

There have been many models proposed to explain threshold switching in depth.
Impact ionization and recombination based electronic model [52, 53] proposes that the
transition occurs when a critical E field is reached that cause field induced carrier genera-
tion that neutralize the charged traps. When all the traps are filled, carriers can traverse
the device with increased mobility and the generation rate required to keep the traps
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filled is reduced from its threshold value. This effect is mainly due to the lone-pair va-
lence electrons that create valence alternation pairs like defects that exist in chalcogenide
phase change materials [52]. This enables the excitation of a large concentration of free
carriers without breaking the bonds or phase transformation, while leading to a large
density of valance alternation pairs at the same time. Poole-Frenkel conduction [54] is
another electronic model that proposes the E increases the probability of a carrier that
hops from one trap to a nearby trap. This requires extended states, at low fields, while
at the threshold field, direct tunneling becomes possible which leads to an increase in
conductivity.

Polaron instability [55] model proposes that at high fields, the density of small po-
larons increases. Due to their proximity, lattice deformation becomes difficult once the
threshold field is reached. Thus, carriers may not localize and the material becomes
conductive. An alternative to electronic models of threshold switching is Field induced
nucleation [56] (crystallization model). This model proposes that a crystalline filament
forms in the amorphous background at the threshold field. This effect is due to a field-
dependence of the free energy of the system. The filament is either stable or collapses
upon removing the electric field depending on the size of the filament [37].

In a nutshell, most authors presume that the threshold switching is an electronic ef-
fect rather than thermal or structural effect, although the exact mechanism is still uncer-
tain. In contrast, phase change (memory) switching is more clear. It involves a structural
rearrangement that causes long range order to improve. Phase change switching at rea-
sonable voltages is, though, enabled by threshold switching, as mentioned above. In this
work, phase change switching will be used since a bias is not required to maintain the
ON and OFF state [37].

2.3.4 Switching from Crystalline to Amorphous State

The switching from the crystalline to amorphous phase of chalcogenide phase change
material is accomplished through the melting and quenching (typical cooling rate of
109 - 1011 °C/s [22, 34, 37, 57, 57-59]). The transformation from the crystalline to the
amorphous state is purely by joule heating. This sets the power consumption for the
device, since the melting temperature is higher than crystallization temperature. Thus
the RESET operation should be the focus of attempts to reduce cell power consumption.

One recent work [60] demonstrated that to reset from the crystalline to amorphous
state, appropriate distortions in crystals that have a bonding energy hierarchy can trig-
ger destruction of a subsystem of weaker (resonant) bonds and result in a collapse of the
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long range order. In this way, the re-amorphization process is achieved without melt-
ing the material. That work also proposed a way to reduce the energy consumption
through using shorter pulses. This is in contrast to previous work done using density
functional theory (DFT), whereby the amorphous state was understood to occur by the
melting of the material, followed by fast quenching. Previous work [61] shows that Ge
umbrella flipping causes re-amorphization without having a molten state as the strong
covalent bond remain intact even at melting temperature. However, careful analysis of
the atomic trajectories reveals that the tetrahedral coordinated Ge atoms in amorphous
state do not acquire this bonding geometry through the umbrella flip process proposed
earlier. While these mechanisms offer the possibility of melt-free transformation to the
amorphous state, the standard method of melting and quenching is certainly still the
main explanation in many systems [37].

2.4 Microwave Switching

Telecommunication usually involves a broad range of frequencies from below HF up to
millimeter waves. Along with varying operating frequency requirements, the switch
specifications can also differ. RF devices including switching networks to amplifiers and
other passive or active networks are the functional parts of any telecommunication net-
work. With the advancements in communication protocols and standards, there is a
need of new state of the art RF devices. As electronics switches like field effect transis-
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Figure 2.3: Various waveguide mechanical microwave switches [62]
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tor (FET) or transistors serve as a fundamental block of any digital integrated circuit,
RF switches are extremely important elements in RF systems. There are many factors
that must be considered in evaluating RF switches including insertion loss and isola-
tion. These two critical parameters directly affect the overall RF performance of the sys-
tem. Also, the DC power consumption of the switches is a key factor in system con-
siderations particularly in space applications where the DC power requirement is one
of the main design drivers. Advanced latching switches can be designed with no DC
power consumption. Switch cost may not be the driving factor in satellite applications
but it becomes the most important factor in other applications such as cellular phones
or Bluetooth devices. Another important design consideration is the RF power handling
capability in both the ON and OFF states [63]. In the following sections, conventional
mechanical and semiconductor switches are reviewed and their limitations in view of
the above design considerations are deliberated.

2.4.1 Mechanical RF Switches

Mechanical switching is achieved through a discontinuity in the signal line or electrical
path by a control signal activating an electromagnetic relay. These moving parts provide
the ON and OFF states.

Fig. 2.3 depicts waveguide mechanical switches from Sivers Lab Switches [62]. By
the rotation of the waveguide, the switch moves from its normal position and shifts the
connection between the ports. These switches offer the benefits of a low insertion loss of
typically 0.05 dB, a large OFF state isolation around 60-70 dB and capability of handling
high power up to 3.5 KW average power at about 10 GHz [63].

A coaxial switch is also shown in Fig. 2.4 from Dow-Key Microwave Corp. [64]. The
switch employs an electromagnet for the actuation to move the arm, and a spring to pull
it back to the initial position. Such a switch is consistently in the normal position until
the application of the current to the coil actuates it. When the power is removed from
the coil, the switch returns to the normal position. Typically, these switches have good
RF characteristics: i.e., around 60 dB isolation, and typically 0.5 dB insertion loss at 10
GHz [64]. Due to this fact, they have been used in applications with large number of
elements such as matrix configurations as discussed further [63].

Although mechanical switches exhibit excellent RF characteristics, they have a very
slow switching speed, typically 2 to 50 ms [11, 63]. The switches are also heavy and
bulky thus require some different solution especially in satellite communications for re-
duction in mass as cost to carry mass in space is extremely costly.
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2.4.2 Solid-State (Semiconductor) Switches

Generally, p-i-n diode and FET semiconductor switches are suitable for high-speed (in
ns) switching applications. Semiconductor switches have a much faster switching speed
(even in ns) and are smaller in size and weight than their mechanical counterparts, but
are inferior in terms of RF performance including insertion loss, DC power consumption,
isolation and power handling capabilities. Moreover, semiconductor switches are not
suitable for millimeter wave frequencies due to leakage concerns [65].

Solid-state semiconductor switches can be easily implemented with respect to the
transmission direction and configured as switches. The circuit can be also embedded
in microstrip lines. The signal passes through the line if the p-i-n is forward biased. It
leads to low impedance (ON) and such that the signal flows from the input to the output.
When the it is reverse biased (OFF), it goes to a high impedance state, causing the input
signal to be reflected. The FET switch on the other hand is a three-terminal device with
the switching control is the gate voltage. The low and high impedance states required
for switching applications are obtained by making the gate voltage equal to zero and
greater than the pinch off voltage, respectively and it is determined by the type of FET
selected.

Semiconductor circuits can be fabricated in a hybrid integrated circuit configuration
or monolithically in Monolithic microwave integrated circuit (MMIC) circuits. In hybrid

Figure 2.4: Coaxial mechanical RF and microwave switches [64 ]
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microwave integrated circuits, the active and lumped components are connected to dis-
tributed circuits by wire bonding or soldering which also adds some loss to the switch.
However inn MMICs, both active and passive components are fabricated simultaneously
on a semiconductor substrate such as Gallium Arsenide (GaAs). Manufacturing at large
scale is one of the major advantage of MMICs, hence MMIC switches have been widely
used in large number applications such as switch matrices and other complex RF and
microwave systems [63].

Solid-state switches have a much larger insertion loss in the ON state (typically 1
to 2 dB), and a poor isolation in the OFF state (~ 20 dB) if the operating frequency
is greater then 1-2 GHz [65]. The limitations of mechanical switches and solid state
technology motivated the development of RE-Microelectromechanical Systems (MEMS)
switches [11]. MEMS technology provides the possibility of replacing many of the mi-
crowave switches in today’s mobile, communication, and satellite systems.

2.4.3 RF-MEMS Switches

MEMS switches are promising to combine the advantageous properties of both mechan-
ical and semiconductor switches [11]. MEMS switches offer high RF performance and
low DC power consumption of mechanical switches with the small size, low weight and
inexpensive cost features of semiconductor switches. Fig. 2.5 shows a typical MEMS
switch in co-planar waveguide (CPW) configuration. Most MEMS switches are actu-
ated by electrostatic forces leading to near zero power consumption, since there is no
current flow. In addition, MEMS switches use air gaps for the OFF state resulting in
excellent isolation and have very low insertion loss. Based on the RF characteristics of
these switches, figure of merit (FOM) is introduced as “ON state resistance x OFF state
capacitance,” demonstrating the superior performance of MEMS over that of semicon-
ductor switches [63]. Moreover, they are very linear devices that result in very low inter-
modulation products.

Majority of the MEMS switches are fabricated using surface micromachining tech-
nology and consist of sputtered or evaporated thin metal films and silicon nitride or
dioxide to create cantilever and membrane configurations. These switches can be built
on quartz, Pyrex, low temperature co-fired ceramic (LTCC), mechanical-grade high re-
sistivity silicon or GaAs substrates [66].

However, RE-MEMS switches do have their problems. These switches have relatively
low switching speed of approximately 2 to 40 us. For most of the application these
switching speeds are suitable but certain communication systems require much faster
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Figure 2.5: RF MEMS switches: (a) shunt/capacitive switch in up-state (ON state) and (b)
shunt/capacitive switch in down-state (OFF state); (c) series/metal contact switch in up-state
(OFF state), and (d) series/metal contact switch in down-state (ON state).

switching speeds. Since most of the MEMS switches can only handle mW of power,
but recently GE have developed switches that can handle much higher power [67]. Re-
searchers are still struggling for an ideal and reliable MEMS switch [68]. The electro-
static movement of the mechanical parts also requires high voltage of approximately 20
to 200 Volts for consistent operation which is well above the required voltage of other
solid state technologies [63]. In addition to that, these devices need to be vacuum pack-
aged (hermetic sealing) that simply increase the cost of the switches.

Reliability is the top most concern for these switches. Due to the micro-scale me-
chanical movable membrane, there is a high change of stiction of membrane or failure
due to stresses. But from the RF performance aspect, these switches offer excellent per-
formance. Recently, various kinds of MEMS switches have been extensively studied in
series and shunt structures [5, 11, 12, 28] for different RF frequencies. Although, MEMS
switches were introduced to get the benefits of mechanical and semiconductor switches,
but in practice due to reliability and packaging concerns going back to square one, there
is a requirement for some new type of devices that should be the quintessential RF
switch.
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2.4.4 Phase Change RF Switches

Phase change RF switch is presented very recently and shows promising results to be-
come a candidate for RF applications. Phase change material based switch as described
before rely on the change of the material’s resistance when heated (phase change). GeTe
and VO, materials offers change in resistance when heated and are potential candidates
for phase change material based switches. GeTe require just ns pulse of voltage to gen-
erate enough heat (depending on the topology of micro-heater) that can change the ma-
terial from crystalline to amorphous state, resulting in change in resistance. This action
corresponds directly to the ON and OFF state of RF switch. PCM based switches offer
the advantages including great RF performance, linearity and high switching speeds,
but these devices are in very early stage, hence many areas are still unexplored. These
switches have poor power handling capability and their use for millimeter wave fre-
quencies is not yet explored properly. These challenges can be tackled with sophisti-
cated designs and tailored fabrication process. Initial PCM based switches show great
RF performance and the advantages can be explored further while tackling issues simul-
taneously.

A chalcogenide phase change material GeTe based reconfigurable switch was first
presented by E. Chua in 2010 [72]. The switch presented has low ON state resistance of
180 Q) and large dynamic range of (7 x 103) that was achieved through low resistance
electrode design and high current. This paper also reported a partial crystallization and
partial re-amorphization model to explain the differences between the measured and
calculated device in OFF and ON state resistances, respectively. Although this paper re-
ports the switching properties of phase change material by using a phase change via,

RF Port 1

RF Port 2 Heater

Port 2
100 pm

3.0 kV 8.0 mm L-x1.20 k 3.0 kV 8.0 mm L-x7.00 k

Figure 2.6: SEM images of GeTe based RF Switch [69]

20



CH. 2 — BACKGROUND INFORMATION 2.4. MICROWAVE SWITCHING

Figure 2.7: Optical photos of low-loss phase change Figure 2.8: Optical micrograph of a
series RF switch [70]. GeTe based shunt RF switch [71].

but no RF parameters are reported. The primary focus is on resistance change and its
application for RF industry.

A thermally driven RF switch using the properties of metal insulator transition in
VO, was reported by Teledyne in 2015 [73]. The switch reported shows promising re-
sults for millimeter wave frequencies till 50 GHz with cut-off frequency of 45 THz. The
heating mechanism is implemented using integrated chip heaters to provide local ther-
mal control. The switch reported 0.13 dB of insertion loss and 20 dB isolation till 50 GHz.
Dynamic range for this switch is (4.4 x 10*) with low resistance of 3.3 Q at 68 °C.

Recently, directly and indirectly heated GeTe based switches are reported by M. Wang
from University of Michigan [24, 74, 75], N. El-Hinnawy from Northrop Corp. [23, 70,
76] and J. Moon from HRL Laboratories [71, 77-79] as shown in as shown in Fig. 2.6,
Fig. 2.7 and in Fig. 2.8 respectively. Most of these switches have a cut-off frequency of 10
- 12 THz with acceptable RF performance. As these switches reported are in very early
stage, work has to be done for the improvement of many different factors like power
handling capability of these switches, linearity and extending the operating range to mil-
limeter wave frequency with better RF performance than currently available RF switches
including semiconductor switches. Apart from PCM based RF single-pole single-throw
(SPST) switches, recently Northrop Grumman Corp. reported a PCM GeTe-based SPDT
switch for mmWave applications [80]. The optical micrograph of the SPDT switch is
shown in Fig. 2.9 with three RF ports.

Another interesting chalcogenide phase change material SbTe-based RF SPST switch
is reported by HRL Laboratories [81]. Optical micrograph of the SbTe based RF switch is
shown in Fig. 2.10. The switch design topology and fabrication process is similar to the
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Figure 2.9: Optical micrograph of a PCM GeTe  Figure 2.10: Optical micrograph of SbTe
RF SPDT switch [70] based RF Switch [71]

previously reported RF switches except from the phase change material. SbTe does not
offer RF performance as comparable to that of GeTe based switches due to the higher ON
state resistance and lower OFF state resistance compared to GeTe-based RF switches. The
advantage of SbTe material is the lower temperature required for melt-quench operation.
The melting temperature of SbTe material depends on the material ratio. Generally, SbTe
melts at 635 °C, which is approximately 100 °C lower than GeTe melting temperature.
The SbTe based switch reported in [81] claims 10 million switching cycles endurance.
PCM SbTe is primarily used for memory applications, but characterization and opti-
mization of SbTe alloy ratio might allow getting the optimal resistivity for improved RF
switches in near future.

2.4.5 RF Performance Comparison

RF performance comparison including insertion loss and isolation till 20 GHz between
phase change material based switches, MEMS, AlGaAs diode, GaN, HEMT, CMOS,
GaAs and pHEMT is shown in Fig. 2.11. It is clear from the figure that phase change
switches outperformed MEMS and solid-state semiconductor based switches with low-
est insertion loss of better than 0.23 dB till 20 GHz followed by MEMS and AlGaAs diode
with insertion loss of 0.35 dB and 0.4 dB respectively. Semiconductor switches have high
losses as the frequency increases. Similarly, phase change switch has second best OFF
state performance with better than 35 dB isolation till 20 GHz.

From this comparison, phase change switches even being in early stage of research
demonstrated great RF performance and even outperformed many current generation
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Figure 2.11: RF performance comparison between various RF switch technologies [70]

of devices. Phase change materials have a lot of potential in RF industry and will be
explored further. Highly complex switch matrices (network of switches that routes the
signals) as described in detail in the following section, are one of the potential applica-
tion in which PCM based RF switches can be integrated.

PCM based RF switches have comparable performance to MEMS based RF switches
without reliability concerns. Table 2.2 shows the comparison of various operating pa-
rameters among MEMS and PCM based RF switches.

Table 2.2: Comparison of operating parameters among MEMS and PCM based RF switches [ 82 ]

Parameter MEMS VO, GeTe
Return Loss Good Good Good
Insertion Loss Low Low Low

Switching Speed in ps in ps in ps

Reliability Poor Good Good
Power Handling High Relatively Low High
Power Consumption® Series SW (~ 1 mW) DC SW (<1 mW) 0 mW

Shunt SW (0 mW)  Thermal SW (10-100 mW)

2 Steady-state power consumption
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2.5 Multi-Port Switches and Switch Matrices

Spacecraft applications and wireless communication devices are the two major applica-
tions that reflect opposite extremes of the RF switch market. While there is a require-
ment for highest switching performance in the area of volume and mass reduction and
communication devices need low-cost devices. Low insertion loss, near zero DC power
consumption can potentially be achieved with PCM technology while fulfilling the re-
quirements. RF Switches being the fundamental building block of many RF systems,
one of the most highly sought-after application is multi-port switches and switch ma-
trices. Microwave switch matrices are essential components in satellite payloads that
enhance the satellite capacity by providing full and flexible interconnectivity between
the received and transmitted signals and facilitate optimum utilization of system band-
width.

Waveguide and semiconductor technology are two prominent candidates for realiz-
ing such types of switch matrices. Waveguide switches are dominant in high frequency

P P n
RCV
IFA
j Low
! Input RCV Output | Eornel—
! Switch , Switch | . Switch
' Matrix X Matrix N
IFA :
RCV
-/ — —
)
HPA
E High \
' Power !
: Switch !
. Matrix !
<H
Antenna
——

Figure 2.12: Satellite payload operation block diagram (red highlights switch matrices that can
be potentially substituted with MEMS technology). The signal is received from the antenna and
directed through the beam forming network (BFN) and input filter assembly (IFA) to the re-
ceivers (RCV). The signal is then processed and, after passing through the multiplexer (MUX)
and high-power amplifier (HPA), it is transmitted to the next repeater satellite through the an-
tenna.
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applications (100 - 200 GHz) and in high power satellite communication. However, their
heavy and bulky profile reinforces the need for a replacement. While, semiconductor
switches are miniature alternatives to mechanical waveguide switches, they exhibit poor
RF performance and low power handling [63]. Recently, RE-MEMS based switch ma-
trices were developed by M. Daneshmand [5] that exhibit great RF performance and
compact size. But, the only limitation as discussed before is reliability. Phase change
materials based switches can take the replacement and can provide same level of RF
performance. PCM-MEMS based switch matrices can also be developed monolithically.

Switch matrices are most commonly used in satellite payloads to provide system re-
dundancy. Fig. 2.12 shows a block diagram of a repeater-satellite payload. The signal
passes through four sets of switch matrices during the signal processing, in which three
of them operate at low power and can be potentially substituted by PCM technology.

Figure 2.13: Switch matrix application in a beam-link system [12]. The system shown receives six
different beams from various locations and transfers them to their intended spots. The beam-link
system creates sub-channels for each uplink beam and the switch matrix provides the flexibility
to independently direct the sub-channels to the desired downlink beam.
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The switch matrices shown provide system redundancy for the satellite payload against
receiver or high-power amplifier failures. The switch matrices reroute the signal to the
spare component located in the system and maintain the full functionality of system
in case of any failure. Satellite communication systems also rely on switch matrices to
provide system redundancy and to enhance the satellite capacity by providing full and
flexible interconnectivity between the received and transmitted signals. Fig. 2.13 is an
example of a satellite payload employing switch matrices for beam linking [12]. The
switch matrix provides the flexibility to independently direct the sub-channels to the
desired downlink beam.

2,51 Switch Matrix Configuration

Crossbar switch matrices are one of the most common configurations used for signal
routing in communication systems. This topology offers flexible connectivity between
any of the multiple inputs to any of the multiple outputs and can be easily expanded to
large size matrices. Fig. 2.14 shows a configuration with the topology of a 4 x 4 crossbar
switch matrix and Fig. 2.15 shows the SEM image of fabricated 3 x 3 crossbar switch
matrix using RF-MEMS switches at Centre for Integrated RF Engineering (CIRFE) [12].

Turn State Thru State

i
i
i

Input Ports

i SO g:z Ko
v ] v |
1 2 3 4 5
Output Ports

Figure 2.14: Crossbar switch matrix Figure 2.15: SEM image of fabricated 3 x 3 crossbar
architecture realization using switch RF MEMS switch matrix [30]
cells
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The size of such matrices can be easily adjusted by having additional columns and rows
of the switch cells.

A 4 x 4 crossbar switch matrix can be easily expanded to 5 x 5 switch matrix by
adding an additional column and row as shown in Fig. 2.14. The required switching
cell for the switch matrix must be able to achieve two operational states; the “Turn” and
“Thru” operations. The “Turn” operation implements a 90° rotation to the input signal,
while the “Thru” operation provides a crossover for two different input signals in the
same cell. At the “Turn” state, connections are switched such that only two 90° ports are
connected, while other two ports are left floating as shown in State I or II Fig. 2.16. At
the “Thru” state, connections are established between Ports 1 and 3, and Ports 2 and 4 as
shown in State III of Fig. 2.18. A compact version of 4 x 4 MEMS-based crossbar switch

Port 4
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Port 1 ===s=*"  es==— Port3

|
|
|
|
|
|
C
|
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|
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|
!

Port 2

State I State II

Figure 2.16: Operating Principle of a C-type switch and its two operational states. This four-port
device connects Ports 1 and 4 and Ports 2 and 3 in State I and Ports 1 and 2 and Ports 3 and 4 in
State II.
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Figure 2.17: Operating principle of an R-type switch and its three different states. In State I, the
signal can be routed between Ports 1 to 4 and Ports 2 to 3; in State II, the signal can be routed
between Ports 1 to 2 and Ports 3 to 4; and State III connects Ports 1 and 3.
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Figure 2.18: Operating principle of a T-type switch and its three different states. In State I, the
signal can be routed between Ports 1 to 4 and Ports 2 to 4; in State II, the signal can be routed
between Ports 1 to 2 and Ports 3 to 4; and between Ports 1 to 3 and Ports 2 to 4 in State III.

matrix is also developed at CIRFE [83].

Although there are many reports on SPST RF switches using MEMS and solid-state
technology, but limited research has been conducted on multi-port structures. Possibly,
this is due to the complexity of the RF design, as well as the increased number of the
actuating mechanisms. Commercial switches in multi-port configurations are available
that has single input and multiple outputs or dual input dual output configurations. One
of the main applications of the switches is for signal routing or redundancy schemes.
The complexity of an interconnect network is determined by trade offs of user needs,
insertion loss, and cost. Multi-port switches including C and R switches are used as the
basic building blocks of the matrix [12].

2.5.2 Cand R-Type Switches

In a typical satellite payload, hundreds of switches are used to provide system redun-
dancy and maintain full functionality. The basic building block of this switch matrix is
a C-type switch as shown in Fig. 2.16. In case of failure, this is achieved by rerouting
the signal to a spare amplifier. Fig. 2.19 shows an example of a 5-to-7 input redundancy
switch matrix connected to a 7-to-5 output redundancy switch matrix to provide system
redundancy that will allow for two amplifiers to fail without losing system functionality.

R-type switches have one additional operation state which considerably simplifies
the switch matrix integration as shown in Fig. 2.17. Fig 2.20 shows a schematic of a 5-
to-7 redundancy switch matrix employing R-type switches rather than C-type switches.
In normal operation, all the switch cells are in operation State III. In case of failure in an
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mary channels and two spare channels using C- Figure 2.20: Redundancy system us-
type switches as building blocks. ing R-type switches as building blocks.

amplifier, the switch matrix reroutes the signal to the spare amplifiers at Port 1 and Port 7.
Fig. 2.20 illustrates the reconfigured switch matrix to reroute the signal and avoid faulty
amplifiers 3 and 5. Itis clear that the number of required switch elements is considerably
reduced that required in the matrix consisting C-type switches only.

2.5.3 T-Type Switch

The T-switch is another type of multi-port switch that provides a high degree of flexi-
bility in the redundancy network design as shown in Fig. 2.18. It consists of four ports
and six signal paths with three operational states. Each state has two conducting paths
connecting to two pairs of ports. In State I, Ports 1 and 4, and Ports 2 and 3 are connected.
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In State II, Ports 1 and 2, and Ports 3 and 4 are connected. In State III, the two RF signals
crossover to provide connectivity between Ports 1 and 3, and 2 and 4. The application
of the T-type switch in redundancy networks is very attractive as it provides one more
routing that simplifies the integration of switch matrices considerably. Authors from the
University of New South Wales and the University of Waterloo [84] have presented a re-
alization of a T-type switch using MEMS technology but can be potentially implemented
using PCM technology as well.

2.54 Switch Matrices Scalability

In some applications in satellite payloads, very high isolation is required that cannot be
satisfied with the above mentioned switch matrix topologies. In these cases, one ap-
proach to connect N input ports to N output ports is to use single-pole multi-throw
(SPNT) switches and to make pairwise connections between every input and output
switch, as shown in Fig. 2.21. Though the concept can theoretically be used for any size
switch matrix, when used in practical applications, to achieve better RF performance,
small matrices are employed as basic building blocks to create larger structures [12].

M Inputs

Interconnect Schematic Building Block

Figure 2.21: Switch matrices with pairwise connections showing several N x N matrices con-
nected to form a larger switch matrix

Multi-port RF switches plays a crucial role in modern communication systems. C,
R and T-type RF switch can be combined together as a unit cell to create N x N switch
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matrices. Although RF performance degrades due to the addition of switching elements
in a single path. Thus, high performance and reliable switches are required for the de-
velopment towards robust and powerful communication systems.

s
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Chapter 3

Thin-Film Characterization of
Chalcogenide PCM GeTe for RF
Switches

This chapter reports the characterization and optimization of PCM GeTe for RF switches
investigating the materials” aspect. Surface properties of GeTe thin-films are investi-
gated through atomic force microscopy (AFM), scanning electron microscopy (SEM)
and cross-wafer resistance mapping measurements . Optimized GeTe thin-films exhibit
over five orders of resistance change . Various GeTe switch design constraints are stud-
ied via cross-sectioning of the fabricated device using focused ion beam (FIB)-SEM.
Current-carrying capacity and resistance of micro-heaters is extracted using electrical
characterization. The RF performance of the PCM switches is optimized using diverse
design parameters and characterization of PCM thin films. Methods to reduce parasitic
elements in PCM switches are discussed. The RF performance of the optimized PCM
based switch is simulated and measured demonstrating better than 0.4 dB of insertion
loss and a return loss better than 20 dB from DC to 67 GHz.

The phase transformation in GeTe switches is achieved by localized embedded micro-
heaters for thermally switching the materials’ state in a melt-quench process. The em-
bedded micro-heater circuit, on the other hand introduces capacitance that affects the RF
performance. Further, the resistivity of PCMs is affected heavily by the thin-film deposi-
tion method and conditions. Thus, optimization of micro-fabrication process parameters
is essential to enhance the RF performance of the switch.

Parts of this chapter are published in [85, 86]
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Initial prototypes of RF PCM switches in series and shunt configuration are presented
in [87] and a brief description of the fabrication process with an outline of the issues
associated with the design and fabrication of GeTe thin film RF switches is discussed
in [85]. In this chapter, GeTe thin-films are characterized thoroughly to maximize the re-
sistance ratio between amorphous and crystalline state. Surface properties of GeTe thin-
films are studied and characterized through high-resolution atomic force microscopy
(AFM), scanning electron microscopy (SEM) and cross-wafer resistance mapping mea-
surements. GeTe films are optimized, yielding films that demonstrate over five orders
of resistance change. Focused ion-beam (FIB) SEM is used to investigate the design
and micro-fabrication constraints by studying the cross-section of the fabricated device.
Electrical characterization of micro-heaters is carried out to investigate the resistance and
current-carrying capacity of the heaters.

3.1 Phase Transition in Chalcogenide Materials

The PCM-based RF switches take advantage of the GeTe material that exhibits a tran-
sition between crystalline (ON) and amorphous state (OFF) that is attained by heating
the PCM above its melting temperature (T},;), and followed by quenching the material,
which solidifies the atoms in the amorphous state as shown in Fig. 2.1. Switching from
crystalline to amorphous state can be achieved by applying short high voltage (~ns)
pulse via the embedded micro-heater. Switching the PCM from amorphous to crys-
talline state is achieved by heating the material beyond its recrystallization temperature
(T¢), at which the growth of crystalline grains and nucleation is enabled. Electrical pulse
of (~us) duration switches the state of the PCM from amorphous to crystalline [23].
High voltage pulses of 18 V are used to amorphize the material and low voltage pulses
of 8V are used to crystalize the PCM. Pulse amplitude scales with the micro-fabrication
process parameters of thin-film resistor (TFR) material. The voltage required to change
the GeTe states can be down scaled by reducing the resistivity of the micro-heater, either
through changing the design dimensions or thickness of the thin-film.

3.2 Characterization of Phase Change Material

Optimization of GeTe thin films is a crucial step in the development of high performance
RF switches with low ON-state loss and high OF F-state isolation. Performance of the PCM
switch depends on the GeTe film quality. Poor quality films exhibit lower resistance
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ratio between crystalline and amorphous state than the films deposited using optimized
deposition conditions mentioned in the following sections. Various factors including
but not limited to deposition type, base pressure, chamber pressure, material purity,
deposition power, DC/RF sputtering, inert gas flow rate, and deposition temperature
can affect the film quality from resistance ratio to surface morphology.

3.2.1 Deposition Conditions

GeTe thin films are deposited using dc magneton sputtering using an ultra high purity
Ge[50%]:Te[50%] target. Deposition parameters are given in Table 3.1. Deposition pres-
sure is varied from 2 mTorr to 10 mTorr, and the deposition temperature is varied from
25°C to 200 °C. While samples ‘A’, ‘B’, “C” and ‘D’ are deposited with varying argon flow
rate, the flow rate is fixed to 20 sccm for the rest of the samples. For the films deposited
at elevated temperatures, deposition power, time, and pressure is kept consistent. De-
position time is not mentioned as it depends on the target size, power, pressure and
argon flow rate. Deposition time is different for all the mentioned films and uniform
film thickness of 150 nm is used for comparison.

Table 3.1: Deposition Parameters for GeTe Thin-Films

Sample Power Pressure Temperature Argon

ID (W)  (mTorr) (°C) (sccm)
A 30 3 25 27
B 60 5 25 40
C 30 8 25 27
D 30 10 25 50
E 60 3 25 20
F 60 3 100 20
G 60 3 150 20
H 60 3 200 20

I 30 2 25 20
J 30 3 25 20
K 30 5 25 20
L 30 10 25 20
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3.2.2 Study of Surface Topography

GeTe thin-films are characterized to get optimal film quality that demonstrate higher
resistance ratio between crystalline and amorphous states. The primary issues with GeTe
films are cracks and voids formation after annealing as discussed in the previous section.
To avoid such problems, films deposited at various deposition conditions are studied by
investigating the surface topography using high resolution AFM, SEM, and cross-wafer
resistance mapping measurements.

Initial study of GeTe thin-films included four samples (‘A’, ‘B’, ‘C" and ‘D) of 150 nm
which are dc sputtered on 2.5in x 2.5in, 635 pm thick Al,O3 substrate. 3D AFM scan of
sample ‘B’ in amorphous state is shown in Fig. 3.1 (a) and the crystalline state of the film
is shown in Fig. 3.1 (b). The average roughness is almost identical in both amorphous
and crystalline states except the larger particle size. The AFM scan area for samples ‘A’
to ‘D’ is 3 ym x 3 ym.

Surface roughness of alumina substrate and scratches from the substrate polishing
affects the film morphology making it challenging to study the grain size. Surface defects
of alumina wafers are prominent in the AFM scans of GeTe films as shown in Fig. 3.2 (a-
f). Sample ‘D’ in Fig. 3.2 (f) shows GeTe film after annealing that exhibits only two
orders of resistance change and Fig. 3.2 (e) shows Sample ‘D’, as-deposited film. 3D
surface topography of crystalline and amorphous GeTe film on Sample ‘B’ is shown in
Fig. 3.1. Samples ‘A, ‘B’, and ‘D’ are shown in Fig. 3.1. Left side micrographs are of
amorphous films and right side are of crystalline films. Films are annealed for 30 min at
220 °C to get a crystalline state of the material.

(a) (b)

Figure 3.1: 3D surface scan of GeTe film in (a) amorphous state (Sample ‘B’), and (b) crystalline
state (Sample ‘B’). Scan area is 3 ym x 3 pm.
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Figure 3.2: AFM scan of GeTe thin film deposited on Al,Os3 substrate. (a) Sample ‘A’ amorphous,
(b) Sample ‘A’ crystalline, (c) Sample ‘B” amorphous, (d) Sample ‘B’ crystalline, (e) Sample ‘D’
amorphous, and (f) Sample ‘D’ annealed with only two orders of resistance change. Streaks are
from substrate with average roughness of 25 nm.

Amorphous films are smoother than crystalline films as shown in Fig. 3.2. The AFM
scan shown in Fig. 3.2 (a) is of sample ‘A’ and the image shown in Fig. 3.2 (c) is of sample
‘B’. Sample ‘B’ is deposited at 60 W deposition power and 5 mTorr deposition pressure
with higher argon flow of 40 sccm. Although the films are of same thickness, crystalline
films as shown in Fig. 3.2 (b) and (d) show higher roughness.

Surface profile is extracted from AFM scans as shown in Fig. 3.3. Film roughness, tex-
ture and waviness is extracted from surface profile. Larger particles and higher rough-
ness is prominent in crystalline films as shown in surface profile. Surface profile shown
in Fig. 3.3 is measured from sample ‘B’ of size 3 pym x 3 ym.
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Figure 3.3: Surface line profile of 3 ym GeTe sample including roughness, texture and waviness
of the film in crystalline and amorphous state.

3.2.2.1 Effect on Deposition Temperature

Commercial high-resolution AFM is used to evaluate the surface topography and film
roughness on glass substrate due to the its negligible surface roughness. GeTe samples
‘E’,'F’,‘G’, and ‘H’ are deposited at elevated temperatures to study the effect of deposi-
tion temperature on GeTe films. In these samples, sputter deposition power is kept at a
constant value of 60 W, a deposition pressure of 3 mTorr, and an argon flow of 20 sccm
were used while varying the temperature from 25 °C to 200 °C. These samples are also
annealed for 30 min at 220 °C after the deposition.

Films deposited at room temperature show distinct large grain size in annealed GeTe
films (crystalline state) and rather smooth surface profile in the as-deposited amorphous
state. Voids and cracks formation are more prominent in crystalline films as shown in
Fig. 3.4 (b). Amorphous or as-deposited films at different temperatures show uniform
roughness as shown in Fig .3.4 (a), (c), (e), and (g) while crystalline films show different
surface topographies when deposited at elevated temperatures. Fig. 3.4 (d) shows the
crystalline state of film deposited at 100 °C.

Fewer cracks are observed in the films deposited at elevated temperatures compared
to the ones deposited at room temperature. However, elevated temperature deposition
of GeTe films show high roughness. Films deposited at 150 °C, as shown in Fig. 3.4 (f)
are almost free from cracks and voids, but roughness is higher than that of sample ‘E’
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Figure 3.4: AFM scan of GeTe thin film deposited on glass substrate. (a) Sample ‘E’ amorphous,
(b) Sample ‘E’ crystalline deposited at room temperature, (c¢) Sample ‘F* amorphous, (d) Sam-
ple ‘F’ crystalline deposited at 100 °C, (e) Sample ‘G” amorphous, (f) Sample ‘G’ crystalline de-
posited at 150 °C, (g) Sample ‘H” amorphous, and (h) Sample “H’ crystalline deposited at 200 °C.
Change in grain boundaries is prominent in films deposited at room and elevated temperatures.
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Figure 3.5: 3D surface scan of GeTe films in crystalline states deposited at (a). 25 °C (Sample E),
(b). 100°C (Sample F), (c). 150°C (Sample G), and (d). 200°C (Sample H). Scan area for the
samples is 20 ym x 20 pm.

and ‘F’. Crystalline films deposited at 200 °C as shown in Fig. 3.4 (h) do not show any
prominent sign of cracks or voids, but are not usable for PCM switches. High roughness
of PCM thin-films is not favorable for achieving narrow PCM channel in series SPST
switches.

Scan area has been extended from 3 pym x 3 ym range to 20 pym x 20 pm since surface
roughness and larger grains becomes more prominent in large scan area. 3D surface
scans of the same samples are shown in Fig. 3.5 (a) for sample ‘E’, (b) for sample ‘F’, (c)
for sample ‘G” and (d) for sample ‘H'".

3.2.2.2 Roughness Estimation Using Grain Mapping

To evaluate the grain mapping, an AFM scan of sample ‘H’ is used, as it shows larger
roughness peaks. Grain mapping of crystalline films is shown in Fig. 3.6. 3D surface
scan shows the overlap of grain mapping plot in Fig. 3.6 (a). Top view of the scan is
shown in Fig. 3.6 (b). Grain mapping plot is set to highlight average peak diameter of
equal or larger than 1 um grain size. Scan area is 20 pm x 20 pym. Cross-section of the
plot is shown in Fig. 3.6 (c). Within the section of 5 ym scan line, two peaks can be seen
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Figure 3.6: Grain mapping of GeTe film in crystalline state deposited at 200 °C. (a). 3D surface
scan of the film with grain mapping mask, (b). Surface scan of GeTe crystalline film with grain
mapping mask revealing grains larger than 0.8 ym. (c). Inset showing profile scan of two grains
from (b) surface plot cross-section line. Grain height is relative in all cases.

of relative height 0.5 and of diameter 1 ym.

Grain mapping allows an in-depth evaluation of the films. Films deposited at ele-
vated temperatures are free from voids and cracks, but micron-size roughness are not
usable with the average PCM length of 1 ym or less. Films deposited at 150 °C show
adequate roughness with average peak diameter of 200 nm to 400 nm.

3.2.2.3 Effect on Deposition Pressure

The change in deposition pressure also affects the surface roughness in crystalline GeTe
thin films. SEM is used to study the films deposited at elevated deposition pressure.
Fig. 3.7 (a) shows the amorphous film deposited at 3 mTorr and crystalline state of the
film is shown in (b). Amorphous films show uniform roughness as depicted in the
inset of Fig. 3.7 (a) in a 3x zoomed view. Crystalline film shows small voids at several
locations. Films deposited at 10 mTorr affect the roughness of crystalline films shown
in Fig. 3.7 (d). The film becomes free from voids or cracks but are extremely rough.
Deposition pressure between 2 mTorr to 4 mTorr can provide adequate quality of GeTe
thin films, which can be further optimized by changing deposition temperature.
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Figure 3.7: SEM micrographs of the GeTe films deposited at elevated pressure results in change
of film roughness. (a) Amorphous state of GeTe deposited at at 3 mTorr, (b) Crystalline state of
GeTe deposited at 3 mTorr, (c) GeTe in amorphous state deposited at 10 mTorr), and (d) GeTe
in crystalline state deposited at 10 mTorr).

3.2.2.4 Resistance Mapping Across Wafer

The sheet resistance distribution across the 2.5in x 2.5in Al,O3 wafer in crystalline state
is evaluated using commercial automated 4PP (four-point probe) as shown in Fig. 3.8.
The sheet resistance in amorphous state is beyond the maximum measurement range of
automated 4PP. Therefore, it is evaluated using a manual 4PP and the measurements are
recorded at different locations across the wafers. Contour plots of samples ‘A’, ‘B’, and
‘C’ show lowest sheet resistance of 320 /0, 17 Q/0, and 16 O /0O near to the mid section
of the wafer with slight deviations around the edges and corners. The variations are due
to sputter deposition conditions.
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Figure 3.8: Sheet resistance measurement across wafer using four-point probe method. (a) Sam-
ple ‘A, (b) Sample ‘B’, and (c) Sample ‘C” shows the resistance distribution in crystalline state of
annealed 150 nm GeTe thin-films.
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Figure 3.9: Sheet resistance change in GeTe thin-films from amorphous to crystalline state. Films
are deposited using variation in process parameters. State change occurs at 180 °C to 200 °C.
Sample D shows only two order of resistance change while other samples exhibit more than five
orders of resistance change.

3.2.2.5 PCM Resistance Change

Resistivity of GeTe is indispensible to get an optimal RF performance. Initial samples
‘A, ‘B’, and ‘C’ show over five orders of resistance change after annealing. The resistivity
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of Sample ‘D’ did not go below kQ range, thus making it not suitable for RF applica-
tions. GeTe shows amorphous to crystalline phase change from 170 °C to 190 °C. Sheet
resistance of the GeTe samples is measured at discrete values of annealing temperature.
The change in resistance with respect to annealing temperature is shown in Fig. 3.9. The
minimum attainable sheet resistance value depends on the deposition conditions as de-
scribed earlier.

3.3 Micro-Heaters for Actuation

Micro-heaters provide thermal pulses to phase change material to change the state from
crystalline to amorphous and vice-versa. The material properties of such embedded
micro-heaters directly impact the operation of PCM switches. Micro-heaters of thin-film
resistor (TFR) can be made using numerous materials, but in case of embedding micro-
heater for the application of PCM switches, the heaters should be able to heat the PCM
higher than its melting temperature 725 °C. Tungsten is a perfect candidate for employ-
ing it as TFR for heating applications. Tungsten has the melting point of 3400 °C, thus can
provide reliable thermal actuation pulses to PCM. Maximum power required to change
the state of PCM from crystalline to amorphous depends on the material property. Spe-
cific resistance of the heater can be achieved by changing the thickness or width of the
heater. However, changing the width of the micro-heater reduces isolation by induc-
ing parasitic capacitance to the RF signal path. Thick micro-heaters require subsequent
sputtered or evaporated thin-films to be thicker than the micro-heater thickness to get
proper step coverage. Resistivity of tungsten can be optimized by deposition process
control.

3.3.1 Residual Stresses in Tungsten

Sputtered tungsten thin-films deposited at room temperature introduce telephone cord
or spring coil delamination as shown in Fig. 3.10. Thin-films in compression tend to
show such stresses. Such delamination is a multiscale phenomenon, as it can be induced
by compressive stresses and with the presence of moisture at substrate/film interface
which significantly lowers the adhesion of thin films. Stresses are more prominent in
tungsten films deposited at room temperature. Moreover, the tungsten thin-films show
high resistivity than the films deposited at elevated temperatures. Tungsten thin-films
are also optimized to get lowest possible resistivity which can be achieved by depositing
films at higher than 800 °C.
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Figure 3.10: Spring coil stresses formation in tungsten thin films deposited at room temperature

Table 3.2: Evaluation of embedded micro-heater’s resistance for heater length, I;, = 20 ym and
voltage applied =5V

Heater Current Resistance Sheet
Width Measured Extracted Resistance
wy (um)  (mA) (Q) (Q2/0)
0.9 83.34 60 2.7
1.0 104.16 48 24
1.1 119.56 41.8 2.3
1.2 120.01 41.6 2.5
1.3 135.41 36.9 2.4
15 144.23 34.6 2.6
2.0 161.29 31 3.1
3.0 234.37 21.3 3.2

3.3.2 Electrical Characterization

The resistance of micro-heaters is extracted using dc electrical measurements. Various
micro-heaters are developed with width of the heater varying from 0.9 ym to 3 ym. DC
5V is applied across the micro-heater. The length of the heater is kept constant in our
measurements. The measured current, resistance and calculated sheet resistance is given
in Table. 3.2 highlighting the resistance change with the change in heater width. Tung-
sten micro-heaters used for electrical extraction are deposited at 850 °C using dc sput-
tering. Lower resistivity of tungsten is preferred to reduce the actuation voltage require-
ment.

44



CH. 3 — CHARACTERIZATION OF PCM GETE 3.4. RF PCM DEVELOPMENT CONSTRAINTS

3.4 RF PCM Development Constraints

In the early stage of the proposed micro-fabrication process, various challenges related to
PCM came into picture which paved the way to further investigate and to mitigate issues
such as voids and cracks formation in PCM memories, which have been also reported

n [88]. Such constraints limit the development of PCM technology which are discussed
in the following sections.

3.4.1 Voids / Cracks Formation in GeTe

PCM switches that are not passivated show voids and cracks in GeTe material after an-
nealing as shown in Fig. 3.11. An optical micrograph of the RF PCM switch junction
is shown in the inset of Fig. 3.11, displaying the material degradation in PCM junction.
Voids and cracks at micron scale appear right after annealing the GeTe. The material also

Figure 3.11: PCM switch showing voids and cracks formation in GeTe region. Inset shows the
optical micrograph of switch junction after annealing. A close-up view of the GeTe region is
shown highlighting the issues with crystalline GeTe films.
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exhibits poor insertion loss due to the reduction in thickness. Passivation is required to
avoid such problem in RF PCM-based devices.

3.4.2 Melting

Another common problem with PCM based devices is melting of GeTe after actuation.
Switches fabricated using the fabrication process described in Fig. 4.2 did not have pas-
sivation layer. An optical micrograph of the switch in amorphous state is shown in
Fig. 3.12 (a) and the damaged PCM switch with the application of few actuation pulses
is shown in Fig. 3.12 (b). All PCM switches must be melted and quenched to achieve the
highly disordered/quenched amorphous OFF-state. GeTe melts if high actuation power
is supplied to the PCM during the heating pulse that elongates the quenching process.
Examining the optical micrograph shown in Fig. 3.12, it is unclear if the micro-heater
was damaged along with GeTe or is it the melting of the PCM. The choice of substrate
and the barrier layer impacts the heat distribution to the PCM material for maintaining
thermal balance.

However, it is clear from the cross-section of the switch as shown in Fig. 3.13, the
heater is intact while GeTe is completely melted in the PCM channel region. FIB-SEM is
used to create a small cavity along the cut-direction A-A’ as shown in Fig. 3.13. FIB-SEM

Heater

100 pm 001
(@

Figure 3.12: GeTe melting after few actuation cycles: (a) PCM switch when voltage is not applied
yet, (b) Melting of GeTe after few voltage pulses applied. This switch was fabricated using four-
layer process without any passivation layer on top.
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Figure 3.13: Optical micrograph of PCM switch junction highlighting GeTe melting region, and
FIB-SEM showing the cross-section of the melted region. Cut-direction A-A’. Crack in GeTe layer
is highlighted in FIB-SEM micrograph.
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Figure 3.14: Optical lithography constraints in the development of PCM switches; optical micro-
graph of PCM SPST switch junction and FIB-SEM showing the cross-section of the switch where
the offset in just nanometer scale can lead to non-working switches.

is shown for the switch with heater width (wj,) dimension larger than the PCM length
(Is). A crack can be seen in the SEM micrograph under the RF signal line. This highlights
the requirement of having a heater with wj, larger than Is. If wj, is less than [, after
actuation, the cracks along the heater edge can potentially make the switches completely
unusable. On the other hand, the use of a heater with wider width adds additional
parasitic capacitance to the RF signal line, which is further discussed in section 4.2.
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3.4.3 Optical Lithography

Optical UV lithography using SUSS M]JB4 mask aligner for patterning has been em-
ployed to fabricate the RF PCM switches using the four-layer micro-fabrication process
shown in Fig. 4.2. Optical UV lithography has a limit of 1 pm to 1.5 pm minimum feature
size and requires manual alignment of the subsequent layers. Optical UV lithography
hinders the yield as although the minimum width of the PCM length is 1 ym and the
heater width (wy,) is ranging from 1 pym to 3 um. Due to the thick glass mask used in
optical UV lithography, it is extremely hard to align the heater layer with RF electrodes,
as in between these two layers, there are two more layers including PCM and barrier
layer. Although, we have included manual offset of heaters in our designs to mitigate
such issues, it still affects the yield.

Fig. 3.14 shows the optical micrograph of RF-PCM switch, which did not actuate af-
ter applying voltage pulses. Inspection under optical microscope does not reveal any
sign of micro-fabrication issues. However, a cross-section of the switch as shown in
Fig. 3.14 along the cut-line A-A’ using FIB-SEM exposes the offset on a sub-micron scale,
which is due to the alignment error at lithography step. Electron-Beam lithography can
solve such alignment problems, but requires higher operational cost and time to write
on wafer. In our optimized switches, PCM switching junction is divided in two different
masks, where larger patterns are exposed using mask-less UV lithography and features
smaller or equal to 1 ym are patterned using electron-beam lithography to get perfect
alignment. Electron-beam lithography requires conductive substrate, which cannot be
used for RF devices. Thus, a layer of conductive polymer is spin-coated before lithogra-

phy.

48



Chapter 4

Development of mmWave PCM
GeTe-Based RF Switches

This chapter reports the design, operation, fabrication and testing of PCM GeTe-based
RF switches for mmWave applications. Utilizing the insights from material character-
ization, various design parameters of the switches and their impact on the RF perfor-
mance are investigated. The RF performance of the PCM switches is optimized using
diverse design parameters. Three generations of in-house developed micro-fabrication
processes are reported for monolithically integrating RF circuits with PCM switches.
Methods to reduce parasitic elements in PCM switches are discussed. The phase trans-
formation in GeTe switches is achieved by localized embedded micro-heaters for ther-
mally switching the materials” state in a melt-quench process. The embedded micro-
heater circuit, on the other hand introduces capacitance that affects the RF performance.

Initial prototypes of RF PCM switches in series and shunt configurations are pre-
sented in [87] and a brief description of the fabrication process with an outline of the is-
sues associated with the development of GeTe thin film RF switches is discussed in [85].
Various parasitic elements in PCM switches are discussed and methods to minimize
the parasitics are detailed. Effects of various switch design parameters on the RF per-
formance are studied through parametric EM simulations, and are discussed in depth.
RF switches are fully characterized and tested for its high power handling capability,
third-order intercept (TOI) through two-tone testing setup. Maximum current carrying
capacity and PCM’s non-volatility or resistance stability are experimentally investigated.
Improved RF PCM switches are cycled for more than 1 million times demonstrating com-

Parts of this chapter are published in [85-87]
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petitive reliability with the various other switch technologies. PCM switches developed
are compared with the current state-of-the-art demonstrating a clear improvement in
various aspects of the performance of the switch. PCM RF switches demonstrates mea-
sured RF performance over DC to 67 GHz for mmWave application. The RF PCM SPST
switches reported in this chapter hold tremendous potential to highly miniaturize and
monolithically /heterogeneously integrate a vast variety of mmWave RF components.

4.1 Design, Operation and Fabrication

4.1.1 Principle of Operation

Fig. 4.1 shows the 3D view of RF-PCM inline SPST switch in series configuration with
four terminals, two CPW ports allow RF signal transmission and two bias pads supply
DC actuation pulses for micro-heaters. The change in material’s resistance from amor-
phous to crystalline state, through the application of short thermal pulses, allows or
blocks the RF signal from one port to another. The inset of Fig. 4.1 shows the switching
region with GeTe thin film present on embedded micro-heater with SiNy as a barrier
layer between heater and PCM. The GeTe thin films are characterized to achieve opti-
mum performance of RF-PCM switches as discussed in earlier sections.

RF Port

Actuation

D

Substrate

Figure 4.1: 3D view of PCM-based RF SPST series switch with two metal layers for RF signal flow.
Inset shows the close-up view of PCM switching unit highlighting PCM GeTe and embedded
micro-heater. Passivation layer between two metal layers is not shown. Close-up view of PCM
junction geometry highlights various design parameters for parametric study in FEM simulation.
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4.1.2 Microfabrication Process (Gen 1)

Initial RF-PCM switches were developed utilizing four-layer micro-fabrication process
(Gen 1) as shown in Fig. 4.2. The switches were fabricated on a 2.5in x 2.5in Al,O3
substrate with €, = 9.8. Wafers are cleaned using standard RCA1 process followed by
a) deposition of silicon dioxide (SiO;) layer using plasma enhanced chemical vapor de-
position (PECVD) and DC magneton sputtering of micro-heaters (MO0) utilizing two
different materials: tungsten and Ni/Chrome, followed by b) patterning micro-heaters
(MO) using reactive ion etching (RIE), c) deposition of silicon nitride (SiNx) thin bar-
rier layer (VO) using PECVD to get conformal coverage, d) dry etching of SiNx vias (V0)
using RIE. e) deposition of GeTe (PC) thin layer using DC magneton sputtering and, f)
patterning of GeTe through lift-off technique. GeTe is annealed for 30 min at 220 °C in an
argon rich rapid thermal annealing system. g) electron beam evaporation of gold (Au)
with chrome (Cr) as a seed layer for RF signal flow (M1) succeeded by h) patterning
Au/Cr (M1) using lift-off technique. i) PECVD of silicon oxide (SiO,) as passivation
layer (PV) and patterning using RIE. Devices are tested with and without passivation
to see the effect of passivation on GeTe melting.

Optical micrograph of the fabricated RF PCM-based single-pole single-throw (SPST)
switches in series and shunt configuration are shown in Fig. 4.3. A series SPST switch is
presented in Fig. 4.3 (a), a shunt SPST switch is shown in Fig. 4.3 (b). The cut-away de-

a b C
Sputtering NiCr (MO) Patterning MO using RIE PECVD SiNx (VO0)
oo ey — nop— O paee——,
d e f
Patterning VO using RIE Sputtering GeTe (PC) Lift-off PC
Eoonc 1 el —non noo
& h i
Evaporating Cr/Au (M1) Lift-off M1 PECVD SiO, (PV) and RIE
O AlL,O4 O SiO, @ NiCr (O SiNx @ GeTe @ Au *Step coverage not to scale

Figure 4.2: Cross-section of RE-PCM fabrication process flow using four-layers having one metal
layer for RF signal routing.
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Figure 4.3: Optical micrograph of RF-PCM SPST switches (Gen 1): (a) Series configuration, (b)
Shunt configuration, (c) Close-up view of switching region in series switch, and (d) 4-Port RF-
PCM junction.

tailed view of the PCM switching region is depicted in Fig. 4.3 (c) and a 4-port RF-PCM
junction demonstrated in Fig. 4.3 (d) is used to characterize the electrical properties and
reliability testing of GeTe thin films. The RF switch in series configuration is designed
with micro-heaters of width, w;, = 3 um, length, I, = 35 ym, PCM length, I; = 3 ym and
RF signal line width, ws = 20 ym. Fig. 4.3 (c) shows the close-up of series switch with I =
5 ym. The shunt switch has two independent heaters under the RF ground that overlaps
with CPW gaps (g). The GeTe thin film width is fixed, which is greater than (ws +2 x ),
but the length, I, is varied to optimize the RF performance. Functional switches require
heaters underneath a large patch of PCM, introducing parasitic capacitance, which must
be taken into consideration in the RF design as described in section 4.2.

4.1.3 Parametric Study on Design Optimization

An optimal RF performance can only be achieved through accurate design and careful
characterization of the micro-fabrication process. Parametric studies are carried out on
PCM SPST switch model as shown in and inset of Fig. 4.1 to optimize the RF performance
using EM simulations in ANSYS Electronics Desktop (Previously HFSS). The switch is
designed with conformal coverage of the materials to represent actual fabricated device.
Following design parameters are chosen for the optimization:
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e PCM Channel Width, (ws)
e PCM Channel Length, (Is)

Heater Width, (wy,)

Taper Length, (I1,)

Barrier Thickness, (t,)

Metal Thickness, (t,,)

The PCM channel width (ws) is varied from 5 um to 15 ym with a step of 5 ym, and
PCM channel length (I;) is varied from 0.4 ym to 2 um with a step of 0.2 ym. Heater
width (wy,) is varied from 1 ym to 3 pym with a step of 0.5 um. Taper length (I;;) is varied
from 30 pm to 100 pm with a step of 10 ym while barrier thickness (t;,) and metal thick-
ness (t;) is varied from 40 nm to 200 nm with a step of 20nm and 0.4 pm to 0.8 ym with a
step of 0.2 um respectively. Thickness of PCM (¢, ) is kept constant at 135nm as it acts
like a resistance in the signal line. However, the resistivity of the PCM thin-film depends
on the film quality. In EM simulations, the resistivity of the materials is matched with
the measured experimental values of thin-films. Resistivity of the deposited thin-films
is measured using automated cross-wafer four-point probe (4PP).
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Figure 4.4: Parametric RF performance EM simulation of PCM SPST switch with variation of
metal thickness and channel width
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Figure 4.5: Parametric RF performance EM simulation of PCM SPST switch with variation of
heater width.
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Figure 4.6: Parametric RF performance EM simulation of PCM SPST switch with variation of
channel length.

For optimal RF performance, PCM switches are simulated using the designed pa-
rameters mentioned above. The RF-PCM series switches are simulated over DC-60 GHz.
Fig. 4.4 shows the simulated RF performance of SPST switch with varying metal thick-
ness (t;) and channel width (w;). Change in the RF performance with change in heater
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Figure 4.7: Parametric RF performance EM simulation of PCM SPST switch with variation of
taper length.

width (wy,), channel length (I5), taper length (), and barrier thickness (t;,) is shown
in Fig. 4.5, 4.6, 4.7, and 4.8 respectively. Certain design parameter values are carefully
chosen except the ones which are parameterized. The default values are ws; = 10 ym,
ls = 1um, wy, = 2ym, I = 50 um, t;, = 50nm, t;; = 0.35 pm, and tpc, = 135nm.

Design parameters including ws, t;, and [; reflect high impact on the ON-state RF per-
formance of the switch, while I}y, t;,, and w;, moderately affect the ON-state performance.
On the other hand, ws, wy,, and Iy, affect the OF F-state performance. While t,,, I5, and t;,
show minor effect on the OFF-state performance.

The use of thicker metal for RF signal flow improves the insertion loss without sacri-
ficing isolation, but getting a narrow PCM channel with the thicker metal is a challenge.
A metal thickness, t,;, = 0.4 pm, exhibits an insertion loss less than 0.35 dB and isolation
better than 17 dB at 30 GHz. Varying the channel width from 5 ym to 15 pm increases the
insertion loss by 0.23 dB while improving the isolation by only 2dB. The heater width
(I) moderately affects the insertion loss, a narrow heater can provide over 5 dB improve-
ment of isolation while sacrificing only 0.05 dB of insertion loss. The channel length (I;)
should be kept narrower than heater width (wy,), thus it needs to be scaled with the se-
lected heater width. Varying Is from 0.4 pm to 2 ym downgrades the performance by
adding 0.25dB of insertion loss with an improvement of 4dB in isolation. The taper
length (I;y) needs to be selected carefully, as there is a trade-off between insertion loss
and isolation. Varying I, from 30 ym to 100 ym provides improvement of more than
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Figure 4.8: Parametric RF performance EM simulation of PCM SPST switch with variation of
barrier thickness.

6 dB in isolation while adding 0.1 dB of insertion loss. The return loss is better than
23 dB in all cases from DC to 60 GHz.

The barrier thickness (t;,) does not affect the ON-state RF performance adversely;
however, a thick barrier layer (>200nm) helps in getting higher isolation in OFF-state.
Thick barrier layer affects the principle of operation of the device by limiting the thermal
conduction from the micro-heater to the PCM. On the other hand, thick barrier layer re-
quires higher power to change the state of the material. A thin barrier layer (<50nm)
improves the thermal conduction by isolating the micro-heater and PCM, but it adds sig-
nificant parasitic capacitance to the RF signal flow that needs to be addressed by careful
choice of design parameters.

4.1.4 Microfabrication Process (Gen 2)

Based on the results from characterization, an optimized fabrication process has been
developed to improve the RF performance of PCM switches. Gen 2 micro-fabrication
process that is developed for the 2nd generation of PCM devices includes two metal
layers that can help in integrating RF circuits. The fabrication process flow is shown in
Fig. 4.9. The process starts with a RCA1 cleaning of single crystal sapphire wafer (C-
plane orientation) having dielectric loss tangent of 1 x 10~* and 400 pm thickness. The
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Figure 4.9: Cross-section of Gen 2 RF-PCM fabrication process flow using six-layers having two
metal layer for RF signal routing.

process includes six layers with three metal layers (M0, M1 and M2), one PCM layer
and two dielectric layers (VO and V1). Two metal layers are used for RF signal rout-
ing and one layer is used for the micro-heaters. a) 70nm tungsten (W) is sputtered
as MO at elevated temperature of 850 °C to get low resistivity and stress-free thin film
for micro-heaters that is b) patterned using RIE. c¢) 40nm SiNx layer deposited using
PECVD and, d) patterned using RIE to act as a barrier layer (V0) between micro-heaters
and PCM in order to get conformal coverage. e) 135nm GeTe thin film is sputtered us-
ing Ge [50]:Te [50] target (PCM) and, f) patterned using ion milling. g) evaporation of
300 nm of Au that serves as M1 with 30 nm of Cr as a seed layer. h) M1 is patterned using
lift-off technique. i) 300 nm SiO; layer is deposited using low temperature PECVD and,
j) patterned using RIE that serves as a passivation layer for PCM (V1). k) evaporation
of 350nm Au layer (M2) with 30nm Cr layer as a seed layer. 1) M2 is patterned using
lift-off technique with a bi-layer resist.

Optical micrograph of the RF PCM GeTe-based SPST switch fabricated using Gen 2
micro-fabrication process is shown in Fig. 4.10(a). Based on the fabrication issues dis-
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Figure 4.10: Fabricated RF PCM SPST switch (Gen 2): (a) Optical micrograph, (b) inset shows
close up view of the switch junction, and (c¢) SEM micrograph of the PCM region.

cussed in chapter 3, optical lithography is not feasible for narrow PCM channel. To get
the RF electrodes perfectly aligned on top of micro-heater, 100 kV electron-beam lithog-
raphy is used to create PCM channels which is complemented with UV lithography
through maskless writer to expose larger features. A zoomed-in view of the fabricated
PCM switch junction is shown in Fig. 4.10(b). A SEM micrograph of the switch junction
is depicted in Fig. 4.10(c) highlighting RF signal flow direction, length of the micro-
heater (/,) and width of PCM channel (w;). Crumbles on the edges of the PCM GeTe
are of photoresist which got excess ion energy from ion-milling and was harder to re-
move. The PCM switch is fully passivated and only RF pads and bias pads are etched
for measurements.

4.1.5 Improvements in Bias Networks

RF SPST switches do not require any bias network, as micro-heater is directly connected
to gold metal layer. To develop multi-port complex RF components, two metal layers
are required for RF signal flow. Devices like switch matrices where long bias lines rout-
ing is required, a resistive metal layer like tungsten pose challenges in controlling RC
time constant and delivering desired actuation pulse to the micro-heaters. Gen 3 pro-
cess incorporates a high conductivity Ag bias split lines to minimize RC time constant
and any resistive loses from the bias lines. Most of the devices from here onwards are
developed using Gen 3 micro-fabrication process that is optimized for the development
of monolithically integrated multi-port RE PCM components.
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Gen 2 microfabrication process is also incorporates the use of high resistivity silicon
(HRSi) substrates opposed to sapphire. Single-crystal sapphire wafer limits the dicing
of individual dies from the wafer due to the hardness of the material. Silicon offers faster
processing of dicing individual dies and also the blade channel width required is smaller
compared to that required for sapphire.

Initial samples were developed using tungsten bias lines, but due to the lossy nature
of the material, thin and long bias lines add significant resistance from the bias pads
to the micro-heaters for PCM switches, which in turn will increase time constant of the
bias network. For example, if the sheet resistance of the tungsten thin film is 20/0, a
micro-heater of width (wj;,) = 1.5 ym and length (I;;) = 20 pym will act as a 27 Q resistor.
If the longest bias line in the circuit is 100 ym in length and 5 ym in width (not including
bends), it acts as a 40 Q resistor, which is significant compared to the resistance of the
micro-heater. Thus, it is viable to use an additional metal layer with high conductivity
to mitigate this issue.

Silver (Ag) has higher conductivity than other metals commonly used in micro-
fabrication, but it must be passivated, since it gets oxidized in a short time. In Gen 3
micro-fabrication process, Silver is used as a supplementary layer to complement tung-
sten micro-heaters. Thin oxidized layer developed on ‘Ag’ is removed before depositing
subsequent dielectric layer. Moreover, instead of using a small patch to create a barrier
layer between micro-heater and PCM, negative tone of the mask is used and vias are
etched to create contact between bias lines and gold metal layer. None of the micro-
fabrication process steps exceeded 150 °C except the barrier layer, which is deposited at
330 °C. To get clean edges, bi-layer resist is preferred for lift-off, but certain photo resist
solvents attack GeTe layer. Thus a bi-layer resist is only used for second RF metal layer
patterning as GeTe is passivated at this step. The resist removal after every patterning
step is done using a combination of acetone and plasma ashing. First gold metal layer
layer is evaporated due to the use of a negative tone single resist, while second gold layer
is sputtered to get a high deposition rate as bi-layer resist can be used at this processing
step.

4.1.6 Microfabrication Process (Gen 3)

The fabrication process flow is shown in Fig. 4.11. The microfabrication process starts
with a RCA-1 and Piranha cleaning of high resistivity Si wafer (>20kQ - cm) and 500 pm
thickness. The process includes eight layers with four metal layers (MO, M1, M2, and
M3), one PCM layer and three dielectric layers (DO, VO, and V1). DO is the substrate
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oxide for thermal isolation. M2 and M3 are used for RF signal routing and MO layer is
used for the micro-heaters while M1 is used for biasing networks that can be used for
some RF components. a) 50 nm tungsten (W) is sputtered (MO) at elevated temperature
of 850 °C deposited on a thin dielectric insulator oxide layer that is b) patterned using
RIE. ¢) 70nm silver (Ag) is sputtered (M1) and d) patterned using RIE, followed by e)
deposition of 100 nm AIN layer using RF sputtering and, f) patterned using RIE to actas a
barrier layer (VO) between micro-heaters and PCM. g) 130 nm GeTe thin film is sputtered
using Ge [50]:Te [50] target (PC) and, h) patterned using ion milling. i) evaporation of
350 nm of Au that serves as M2 with 30 nm of Ti as a seed layer. j) M2 is patterned using
lift-off technique. k) 200 nm SiO, layer is deposited using low temperature PECVD and,
1) patterned using RIE that serves as a passivation layer for PCM (V1). m) sputtering

a b C
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— I annmy — —
d e f
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L e e DA °
m n @ Au
Sputtering Ti/Au (M3) Lift-off M3 *Step coverage not to scale

Figure 4.11: Cross-section of Gen 3 RF-PCM fabrication process flow using seven-layers having
two metal layer for RF signal routing and two metal layers for bias routing.
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Figure 4.12: Fabricated RF PCM SPST switch (Gen 3): (a) Optical micrograph, (b) False coloured
SEM micrograph of the PCM channel, and (c) 3D rendered view of the PCM SPST (Gen 3) switch.

of 450 nm Au layer (M3) with 40 nm Ti layer as a seed layer. n) M2 is patterned using
lift-off technique.

Optical micrograph of RF PCM SPST switch fabricated using Gen 3 process is shown
in Fig. 4.12(a) highlighting RF signal input and output ports and bias ports for actuation
signal. The device is fully passivated and can be used for heterogeneous integration via
flip-chip or by wire-bonding. A false coloured SEM image shows the closeup view of
the narrow PCM channel (/;) and width of the micro-heater (wy,) in Fig. 4.12(b). RF
electrodes overlap the micro-heater to avoid switch failure due to cracks formation in
GeTe near to the edges of micro-heater as shown in Fig. 3.13. Fig. 4.12(c) depicts a 3D
rendered view of the switch. Optical micrograph shown in Fig 4.12(a) shows the natural
colors of three different stacked dielectric layers. The overall switch area of the fabricated
switch is 400 pm x 500 pm.

The RF PCM SPST switch fabricated using Gen 3 process demonstrate better isola-
tion due to the use of AIN layer as a barrier layer between micro-heater and PCM GeTe.
Wafer yield is improved by reducing resistance variation of the thin-films across the
wafer which guarantees specified bias pulses for the certain switch dimensions across
the wafer. The developed switches not only compete with the state-of-the-art but also
outperform in certain aspects. Various parameters of the switch including switch cycle
testing, RF performance measurements, two-tone linearity, high-power handling, cur-
rent carrying capacity, self-actuation, and reliability (lifetime cycles) have been experi-

Gen 3 microfabrication processing steps are procedures are detailed in appendix A
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mentally measured and reported in next sections.

4.1.6.1 Summary of Microfabrication Processes

Microfabrication processes are summarized in Table 4.1. Gen 1 process is sufficient to
develop SPST RF switches. Gen 2 process is the improved version with the addition
of an additional metal layer for signal routing and utilizing tungsten for micro-heaters.
Thicker metal layer for RF signal flow are used in Gen 3 micro-fabrication process to
reduce the overall RF loss. Dielectric layer materials and thickness are carefully chosen
after characterizing the proper thermal balance near the PCM switch junction to achieve
reliable switching operation. Gen 3 process is complex due to the split bias metal layer
and split e-beam and UV lithography layer for PCM channels, but it is more suitable for
complex RF components which are detailed in next chapters.

Table 4.1: Summary of microfabrication processes

Layer Material Gen1 Gen 2 Gen 3

0 Substrate Alumina 635 um Sapphire 400 ym HRSi 500 pym
1 Insulator SiO; 100 nm NA SiO; 60 nm
2 Micro-heaters NiCr/W 100 nm W 70 nm W 70nm

3 Bias Lines NA NA Ag 70nm

i | Barrier SiNx 40 nm SiNx 40 nm AIN 100 nm
5 PCM GeTe 150 nm GeTe 135 nm GeTe 130 nm
6 RF Metal 1 Au 350 nm Au 330 nm Au 380 nm
7 Passivation SiO, 40 nm SiO, 300nm SiO, 200nm
8 RF Metal 2 NA Au 380 nm Au 490 nm

4.2 Parasitic Capacitance in RF-PCM Switches

Due to the thin dielectric layer (used as a barrier layer between PCM and micro-heater)
and the metal layers in micro-fabrication process, many parasitic capacitances arise that
can degrade the RF signal performance. Various parasitic capacitances that are formed
from different metal layers are shown in the cross-section of RF-PCM switch in Fig. 4.13.
Parasitic capacitances can be minimized either by design changes or by optimizing the
fabrication process, but cannot be removed completely.
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The capacitance in OFF-state (C,g) impacts the overall performance of the switch.
Cop consists of all the unwanted parasitic capacitances generated between different metal
layers, and C,g of a switch should be as low as possible. PCM GeTe acts as a conductive
layer in crystalline state, thus the micro-heater underneath the barrier layer acts as the ca-
pacitor (Cpcn) degrading the ON-state transmission. However, the impedance mismatch
crated by Cpcp, can be compensated by changing the width of the signal line or length of
the PCM junction (ws). The most prominent capacitance is between RF metal electrodes
and the micro-heater (Cy,,1). Isolation of the switch can be improved by reducing the
metal overlap on the micro-heater. This is limited by the lithography equipment and
resist development time. OFF-state isolation can be improved as Cpcy, and Cpyyq scales
with the change in barrier layer thickness. It is required to keep the barrier layer as thin
as possible for appropriate heat transfer from the micro-heater to the PCM, but on the
other hand thin dielectric effectively increases the parasitic capacitance. A thicker layer
limits the sufficient heat flow to the PCM GeTe affecting melt-quench switching. In Gen
3 micro-fabrication process, a thermally conductive AIN layer is used as a barrier layer,
which does not hinder heat migration.

If two metal layers are used for the RF signal routing, the capacitance between RF
metal 1 and RF metal 2, (Cypaq) also affects the RF performance. This can be tackled
my increasing effective via array size. Vias generally add inductance, thus multiple vias
openings are preferred to reduce via inductance and RF loss. In the PCM switch to-
pography discussed in this thesis has an extremely narrow channel between two metal
electrodes. The capacitance between two metal RF electrodes is denoted as C,,¢ affects
the OFF-state isolation. A thin passivation layer is required to avoid degradation of GeTe,
which increases C,,,+ between two metal electrodes. This capacitance scales with PCM
channel length (I5) and channel width (ws). The interconnects introduce parasitic ca-
pacitance (Cy,,) in case where two metal layers are used for RF routing and only be-
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Figure 4.13: Various parasitic capacitances couple though thin-films degrading device perfor-
mance
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comes prominent is there is an excessive overlap of two metal layers. Contact pads also
induce capacitance (Cpad) when interconnects are used. Certain parasitic capacitances
can be reduced drastically by effective design and while some are dependant on the
micro-fabrication process.

4.3 Lumped Model of the RF PCM Switch

A lumped model (circuit model) of the RF PCM SPST switch is developed which gen-
erates a close match to EM simulated and measured RF performance of an SPST switch
is shown in Fig. 4.14. The model consists of four-ports, port 1 and port 2 are the RF
input and output ports, while port 3 and 4 are control or bias ports. The port configura-
tion matches with the fabricated SPST switches as shown in Fig. 4.12. A voltage pulse is
applied between port 3 and 4. The switch consist of its fundamental components, resis-
tance of the PCM GeTe in crystalline state (R, ), resistance in amorphous state (R,g), and
OFF-state capacitance (C,r). PCM is a solid state technology and the switching action
is dependent on the resistance of the two states of PCM. Circuit model of the RF PCM
switch in ON-state and OF F'-state remains identical with the only change in the resistance
between R,;,, and Roﬁ. Micro-heater’s resistance is denoted as (Rj,).

Various parasitic elements of the SPST switch are also shown in Fig. 4.14. Inductance
of the PCM junction (Lj,nc), contact resistance between PCM GeTe and RF electrodes
on the both sides of the junction is denoted as Rcpn:. CPW transmission line is shown
as Tj;,, while the capacitance between micro-heater and RF electrodes around the PCM
junction is shown Cp,,1. Pad capacitance (C,,4) and pad resistance (R,4) are prominent
in micro-heater between port 3 and 4 of the lumped model.

Rpad Cpad Rh Cpad Rpad
Control V+ s=——am—| I —| = Control V-
e, |

Figure 4.14: Lumped model of the RF PCM SPST switch showing switching element along with
various parasitic circuit elements.
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4.4 RF PCM Switch Measurements

4.4.1 Switch Actuation Testing

Switch actuation cycles are measured on-wafer as shown in Fig. 4.15. Multiple four-port
PCM switch junctions are designed with variations in design parameters discussed in
section 4.1.3. A four-port PCM switch junction is shown in Fig. 4.15. RF PCM switches
and four-port PCM switch junctions share similar design parameters. Larger DC pads

Figure 4.15: On-wafer DC testing of a four-port PCM switch junction. Optical micrographs high-
lighting DC probe pads and PCM junction.
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in four-port junctions makes it easy to probe the devices. Port 1 and 2 have the PCM in
series with the metal electrodes, while port 3 and 4 has an embedded micro-heater to
provide melt-quench sequence to the PCM. An inset in Fig. 4.15 shows the close-up of
the PCM junction.

PCM switches are cycled by providing two different pulses conditions (amorphous
pulse and crystalline pulse) to the micro-heater terminal 3 and 4 and the resistance
change is recorded from terminal 1 and 2. For accurately capturing the resistance change,
two source measure units are used, one between terminal 1 and 2, while the other unit
is used between micro-heater terminal 3 and 4. Micro-heater’s resistance change due to
pulsing thus it is important to translate the micro-heater resistance to the pulse genera-
tor for effectively delivering the bias signal to load impedance (micro-heater’s resistance
in this case).

4.4.1.1 Bias Signature

An optimal biasing signature for the Gen 3 PCM switches is shown in Fig. 4.16. A single
pulse of 12V amplitude and 200 ns is supplied to the micro-heater for latching the de-
vice from crystalline state (low resistance) to amorphous state (high resistance), while a
pulse of 7.8 V amplitude and 1.2 yus provides reversible resistive switching by latching the
switch in crystalline state from amorphous state. PCM switches demonstrate more than
four orders of resistance change which shows potential for RF switching applications as
discussed in the following chapters.

Initial switching cycle characterization was carried out by manually supplying indi-
vidual pulses from two independent pulse generators. However, the test setup is auto-
mated for reliability testing as discussed in section 4.4.8

4.4.2 RF Performance Measurements

Multiple variations of RE-PCM switches were fabricated based on the initial fabrication
process described in Fig. 4.2. Optimized RF switches are developed using the enhanced
fabrication process as shown in Fig. 4.11. The series switch includes variations of I,
ranging from 20 ym to 40 ym, wy, from 1.5 pm to 4 pm, ws from 10 pym to 30 pm, and I
from 1.5 ym to 5 ym as shown in Fig. 4.3 (b). The shunt switch configuration includes
variation of I, ranging from 100 pm to 500 ym and various heater designs as shown in
Fig. 4.3 (d). The 4-port RF-PCM junctions are designed extract the equivalent lumped
parameters for characterization of various PCM properties including resistance change

66



CH. 4 — PCM GeTEe-Basep RF SwitcHEs 4.4. RF PCM SwitcH MEASUREMENTS

7\ ‘ T T TTT ‘ T T T T ‘ T T T T ‘ T 1T \7 7\ T T T T ‘ T T T 1T ‘ T T T T ‘ T \7

12 - m Amorphization Pulse 12 - Crystallization Pulse
> 8- o i
w - 1w - .
joTo} = N e = i
s - 1 8 - il
S o4 4% 4l .
> - 1P - :

0 [ - 0k -
7\ ‘ I ‘ I I ‘ I ‘ (| \7 7\ ‘ I ‘ I I ‘ I ‘ Ll \7
0 0.4 0.8 1.2 0 0.4 0.8 1.2
Time (us) Time (us)

106 & \ \ \ \ N 10 B \ \ \ \ .
o - Crystalline to g b Amorphous to -
% 10° £ Amorphous State [ = % 10° e\ Crystalline State 3
O _ ., F using 200 ns Pulse Width | i 9 ., F \ using 1.2 us Pulse Width 1
§ 100 ¢ 3§10 E
7 10° £ I S (1 S -
& g | 1 & B \ ]
v 10* £ | 7 u 100 E \ E
g g | 1 2 g \ ]
> 10! 1
v 100 = 4 o 10 ¢ =
) FoooDooEEEEeEE a3 A - $6-0000 0000 >4

10° £, | A 10" £, | I N N

6 8 10 12 6 8 10 12
Pulse Amplitude (V) Pulse Amplitude (V)

Figure 4.16: (Top) Bias signature applied to cycle the RF PCM SPST switches between amorphous
and crystalline states. (Bottom) Measured PCM device resistance with change in applied pulse
amplitude.

behavior, capacitive loading of the heater, heating performance using different dielectrics
etc. In spite of various heater designs, shunt switches were not able to fully change the
PCM state. Due to the large area of PCM, heating the PCM requires high power to actuate
the shunt switch. Limited micro-heater power handling could not change the PCM state
from crystalline to amorphous. Thus, the RF performance of shunt switches is studied
from annealed and crystalline state of the PCM material at chip level. The shunt switch
design is being currently optimized to circumvent this issue. The series switches are
actuated using DC pulse of width 200 ns and 1.2 ys applied between V+ and V— pads
to switch between crystalline and amorphous state of GeTe.
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Figure 4.17: Measured and simulated RF performance of RF-PCM SPST series and shunt switches
with [, = 35 um, wy, = 2 ym, Iy = 2 ym and w, = 20 pm.

The RF performance of PCM based SPST switches in series and shunt configuration
are simulated and measured from DC to 26.5GHz as shown in Fig. 4.17. The series
switch configuration demonstrates an insertion loss lower than 0.3 dB, and an isolation
greater than 20dB, while the shunt switch configuration shows low insertion loss of
less than 0.2dB, and an isolation better than 36 dB. EM simulations are carried out by
using ANSYS HFSS that agree well with the measurement results with slight deviations
that are attributed to fabrication process parameter variations. Resistivity of GeTe is
measured using four-point probe to define the actuation state of PCM in EM simulations.
It should be mentioned that the micro-heaters used in the shunt switch presented were
not able to switch the material’s resistivity due to the large size of PCM material and
wide micro-heater. Higher voltage further damaged the PCM material. Optimal design
of micro-heaters for shunt switches will be studied in future work. Moreover, the shunt
switch configuration can still be realized using two series switches connected between
RF signal and ground path gap.

Following the analysis presented, the RE-PCM switches are optimized for millimeter-
wave application. Electron beam lithography is used to get narrow PCM length (Is). An
optical micrograph of the SPST series switch is shown in Fig. 4.10, which is fabricated
using the fabrication process illustrated in Fig. 4.9. The switch shown in Fig. 4.10 is
developed with the dimensions: Is = 0.8 ym, ws = 10 ym, [, = 20 ym, and wy, = 1.2 ym.
The RF performance of the optimized switch is measured and simulated from DC to
67 GHz as shown in Fig. 4.18. The SPST switch exhibits an insertion loss of better than
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Figure 4.18: Measured and simulated RF performance of optimized RF-PCM SPST series switch
for millimeter-wave applications.

0.3dB up to 40 GHz, and better than 0.4 dB up to 67 GHz. The isolation is better than
20dB from DC to 30 GHz and better than 15dB up to 67 GHz. The return loss is better
than 22 dB from DC to 67 GHz.

The embedded micro-heaters are responsible for parasitic capacitance coupling to RF
signal line due to the thin barrier between heater and PCM. Scaling down [/; and wy, re-
duces the capacitance coupling but limits the isolation in OFF-state. Design parameters
need to be carefully selected to enhance the RF performance without sacrificing reliabil-
ity. A Rof/ Ron ratio of 3.9 x 10* and 5.6 x 10* has been achieved using series and shunt
switch respectively, while improved switches exhibit 4.35 x 10%. The effect of design pa-
rameters on Roﬁc/ Ry is shown in Table 4.2. Barrier between heater and GeTe needs to be

Table 4.2: Measured RF Performance of RE-PCM Switches with Variations in Design Parameters

Ws I wy, Iy Ron  Royf/Ron Ratio

10pm 3pum 2pum 20pm 490 1.2 x 104
5um 3pm  3um 25um 37Q 1.6 x 10*
15um  2um  3um 30um 240 2.9 x 10*
20pm 2pm  2uym 35um 1.8Q 3.9 x 104
20ym 3pm 3um 35um 230Q 2.6 x 10*
10pm 12um 08um 20um 1.61Q  4.35x 10*
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of appropriate thickness for efficient thermal energy transport, as it also introduces ca-
pacitance to the RF line. A relatively higher R,z/ R, ratio of 4.35 x 10 has been achieved
with the optimized fabrication process and by choosing optimal design parameters.

4.4.3 DC Current Carrying Capacity of PCM Switches

The RF PCM switches can be tested by applying bias signal to the control pads and mea-
suring the S-parameters as detailed in the previous section. However, PCM switches can
also be used for DC or low frequency applications. RF measurements require proper cal-
ibration of the PNA. RF GSG probes and cables for mmWave frequencies are expensive
and fragile. Four-port junctions which have the same design parameters as RF switches
except for the 50 Q ports. A quick way to accurately measure the resistance change is
by using an SMU. The study of DC current carrying capacity is important to understand
behavior of PCM GeTe with respect to the injected current in the switches. Device per-
formance relies heavily on design parameters and microfabrication process.

Amorphous and crystalline pulse amplitude and width required to change the PCM
state is shown in Fig. 4.16. However, a 100mV constant DC voltage is sourced to ports
1 and 2 to read the current state of the material. A continuous reading with respect to
time allows fully characterize the bias signature. The wafer is annealed to crystalline the
PCM GeTe and set all the switches across wafer in ON-state. Amorphous pulse is applied
to different PCM junction geometries to turn OFF the switches.

PCM GeTe acts as a resistor which change its resistance as a function of temperature.
Applying DC voltage directly to the switch terminals 1 and 2 heats the resistive mate-
rial due to Joule heating. DC current carrying capacity can be translated to its power
handling capability in ON and OFF-state as high RF power generates heat. Self-actuation
in the PCM switches can be studied by sourcing DC voltage sweep and measuring the
current flow. When DC voltage is sourced in the amorphous state of the switch, PCM
junctions with narrow channel dimensions (incl. width and length) heats up above its
crystalline temperature leading to change the resistance from amorphous to crystalline.
If the DC voltage is sourced in the crystalline state of the switch, PCM junctions with
narrow channel dimensions degrade faster which eventually damages the switch catas-
trophically.

DC voltage is swept from 100mV to 10V which is sourced between port 1 and 2
while measuring the current flow between these terminals. The compliance current is
set to 1 mA to not damage the devices and to use the same devices for ON-state IV mea-
surements. IV characteristics of four different PCM switches are recorded as shown in
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Figure 4.19: Measured self actuation and current carrying capacity of four different RF PCM
SPST switch geometries: (Top left) Measured IV characteristics highlighting self-actuation, (Bot-
tom left) Resistance change with change in DC voltage, (Top right) Maximum current carrying
capacity in ON-state, and (Bottom right) Switch failure with change in DC voltage.

Fig. 4.19. IV characteristics and resistance change with increasing DC voltage reported
in Fig. 4.19(a) shows switch ‘A’ which has the channel length smaller than other three
devices actuates (resistance drops). Switch ‘A’ hits compliance current at 1V, while de-
vice ‘B’ and ‘C” actuates at 5.2V and 6.7 V respectively. Switch ‘D’ did not actuate even
at constant 10 V thus can handle more current than other three devices, but on the other
hand, device ‘D’ shows poor RF insertion loss due to relatively high crystalline state
resistance.

Maximum current carrying capacity of the PCM switches ‘A’ to ‘D’ is studied in ON-
state by actuating the switches using crystalline pulse and sourcing DC voltage sweep
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from 100 mV to 5V. Compliance current is set to 1 A to capture material degradation or
damage pattern. Fig. 4.19(b) shows the IV characteristics and corresponding resistance
change with increasing DC voltage. Switch ‘A’ shows material degradation at 1V, while
switch ‘B’, ‘C" and ‘D’ show degradation point at 1.7V, 2.8V and 3.6 V respectively. De-
pending on the device geometry, a specified voltage is sufficient to melt the material.
All the switches can handle constant current between 180 mA to 200 mA without any
damage to the switch. The switches are fully reversible till the degradation point and
reversible with resistance degradation between 200 mA to 30 mA. PCM switches ‘A’ to
‘D’ are catastrophically damaged with constant 1.6V, 2.2V, 3.4V and 4.2V respectively.

From Fig. 4.19, current carrying capacity can be related to RF power handling, as
for certain switch dimensions, input power at which the failure occurs generates same
amount of heat at the junction as DC voltage generates more than 200 mA current to
damage the devices. Similarly OFF-state self-actuation using DC voltage can also be
related to self-actuation through RF power as detailed in the next section.

4.4.4 RF Power Handling and Self Actuation

In some applications where there is a clear need to channel high-power signals, for such
applications the limited switching speeds (typically in ms) of electromechanical switch
may prove adequate for many systems that can handle hundreds of watts CW power
levels with trade-offs of size and weight. While RE-MEMS offer extremely compact size
switches with switching speeds (in ps) and excellent RF performance, there is always a
question of reliability and hermetic packaging. Power handling capability of RF-MEMS
switches is limited in terms of hot-switching, cold-switching, average power and peak
power.

Unfortunately, there are very limited choices available till date for high performance
mmWave switches. From the performance standpoint, PCM based RF switches show
promising RF results but limitations include low power-handling capability than RF-
MEMS switches. One important parameter in the case of PCM-RF switches that is not
rigorously investigated is the power-handling capabilities for these switches. Investigat-
ing the limitation factors in PCM switches not only helps in the development of better
devices but also helps to avoid catastrophic failure of the switch or instruments.

RF power handling capability of PCM switches is experimentally investigated for
two different device geometries. Self-actuation using RF power in PCM switches is also
investigated in this section. Power handling capacity of two different devices ‘A’ and ‘B’
are measured. Device ‘A" has 3 times narrow PCM channel dimensions than device ‘B’".
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Figure 4.20: Block diagram of on-wafer high RF power handling setup for PCM switches.

The block diagram of on-wafer high RF power handling setup is shown in Fig. 4.20
and the photograph of the power handling measurements testbench is shown in Fig. 4.21.
The setup consists of an RF CW source/generator which is connected to a fixed 41 dBm
RF amplifier. The output of the amplifier is connected to an isolator’s port 1. The port 3 of
the isolator is connected to a —30 dBm fixed high power attenuator which is terminated
with a 50 Q matched termination. Isolator protects the amplifier’s input by routing any
signal mismatch reflected from port 2 to isolated port 3. Port 2 of the isolator is con-
nected to a high power directional coupler with —16 dBm of coupling at coupled port.
USB based power sensors are used in the test setup. The maximum input RF power
available at coupled port of an input directional coupler is —25dBm, which is 5dBm
higher than maximum input rating of the power sensor. A —10dBm low power atten-
uator is connected to limit the signal flowing to power sensor. Power meter is used to
read input power from power sensor. Signal from the output of directional coupler is
fed to input CPW GSG probe which is connected to the RF input of the SPST switch (on-
wafer measurements). An output CPW GSG probe is connected to the output port of
the switch (DUT). DUT is mounted on the two-port probe station. RF signal is attenu-
ated by —30dBm using a fixed high power attenuator. Output of the attenuator has a
theoretical maximum signal level of —11dBm is fed to a —10 dBm directional coupler.
The output of the directional coupler is terminated with a matched load. The coupled
port of the output directional coupler is connected to a USB power sensor to read output
power at DUT. Power meter displays the RF power at the output. Data logger is used in
the setup due to the USB functionality of the both input and output power meters.
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Figure 4.21: Photograph of on-wafer high RF power handling measurements testbench. Inset
shows various RF components and RF signal flow direction.

It is important to measure S-parameters of all the components or cables used in this
setup to properly calibrate the setup. RF transmission loss of GSG probes, cables, con-
nectors, and attenuators are taken into consideration when offsetting the input and out-
put power sensors’ reading. Power source and sensors are also calibrated at all different
power levels to get readings at desired RF levels such that input power sensor reads the
power at DUT input and output power sensor reads power at the output of the DUT.

4.4.41 RF Power Handling Measurements

CW RF input power is increased from 0 dBm to 40 dBm and output power is recorded
simultaneously for the devices in ON-state. Input power sweep step size is reduced to
capture failure point precisely. Device ‘A’ is functional with 35.5dBm (3.5W) of CW
power. Each data point is recorded after 2 minutes of power level change to make sure
the device can handle the injected input power. Device ‘A’ fails catastrophically within
few seconds when the input power is increased to 36 dBm (4 W). Device ‘B’ on the other
hand which has 2 times longer PCM channel length than device ‘A’ did not show any
degradation or failure even at 40 dBm (10 W) of CW RF power limited by the test setup.
Measured RF power handling capacity of two different devices is shown in Fig. 4.22.

List of test equipment used are listen in Appendix B
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Figure 4.22: RF power handling measurements of two different RF PCM SPST switches in ON-
state and OFF-state.

4.4.4.2 Self-Actuation using RF Power

Self-actuation phenomena in RF PCM switches is not reported till date. It is clear from
current carrying capacity of PCM switches shown in Fig. 4.19(a) that when the switch
is in OFF-state, it can get actuated when current is passed through the device with the
applied voltage. Switches actuate at different voltage/current levels depending on the
junction design parameters. Similarly as shown in Fig. 4.22, 22 dBm CW power generates
heat in the PCM GeTe region beyond its crystalline threshold temperature leading to
switch the state from OFF to ON. Self-actuated switch did not show any signs of damage
and is fully functional till 35.5 dBm of CW input RF power. Till 35.5 dBm, same switch
canbe cycled between OFF and ON-state with applying amorphous and crystalline pulses
as detailed in Fig. 4.16.

4.4.5 Linearity and Intermodulation Distortion Measurements
4.4.5.1 Harmonic Distortion
As most of the RF devices, switches exhibit a degree of non-linearity, thus if switches are

stimulated at a single frequency f, by a signal, spurious output signals will be generated
at the harmonic frequencies/tones 2fg, 3fo - - - N fo, where Nth harmonic is the the Nth
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Figure 4.23: (a) Harmonics of a fundamental tone. (b) Realistic representation of third order
intercept point calculation.

order product. These harmonics are usually measured in dBc (dB below the fundamen-
tal output signal) as shown in Fig. 4.23(a).

44.6 Intermodulation Distortion

When the non-linearity of a system or a device with two or more input frequencies cause
undesired outputs at other frequencies, it gives rise to intermodulation distortion. Inves-
tigating intermodulation distortion is important as it causes the signals in one channel to
interfere with adjacent channels. Reducing the intermodulation distortion has become
more critical as the spectrum becomes more crammed and channels are more tightly
spaced.

The spurious products are mathematically related to the fundamental input signals.
It is thus a common practice to limit the analysis to two fundamental frequencies, f; and
f2. These frequencies/tones are usually separated by a very small offset frequency Af,
the output frequencies of the two-tone intermodulation products are given as:

nfy £mf, nm=20,1,2,3,...

The order of the distortion product is the sum of n + m. So, the third order intermod-
ulation products of the two signals, f; and f,, would be

2f1 — f2,.2f> — f1,2fi+ fo, and 2, + f1
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Figure 4.24: Second and third order intermodulation products with two fundamental tones.

The third order intermodulation products of two fundamental tones are shown in
Fig. 4.24. All the non-linear distortion products might affect broadband systems. How-
ever, unlike harmonic and second order distortion products, third order intermodulation
distortion products (IM3) are always too close to the fundamental signals to be easily
filtered as shown in Fig. 4.24. Usually in communication systems, when strong signals
from more than one transmitter are present at the input of the receiver, unwanted prod-
ucts will be generated affecting the receiver performance.

Higher order intermodulation products increase in power way faster (in dBm, a log-
arithmic function) than the fundamental as shown in Fig. 4.23(b). The intermodulation
signal increase in power three times faster then the carrier signal. The relationship is
valid for other harmonics or intermodulation products as well. Similarly, the second har-
monic and the second order intermodulation products” power increase two folds faster
than the fundamental.

Manufacturers typically measure the third order intercept point (IP3) or third-order
intermodulation (TOI) distortion point as a performance parameter of their RF device.
Higher IP3 point is considered better as an RF device with higher IP3 does not gen-
erate spurious as fast as the device with relatively lower IP3 point. Input and output
power level where fundamental tone and third oder product intersect are denoted as
IIP3 and OIP3 respectively. IP3 is an extrapolated point where fundamental and third
order product intersect. TOI can also be computed directly from the output spectrum of
the measured device using

IP3 = Poyt + 0.5 X AP

where, Py is the output power (dBm) of the fundamental tone and AP is the difference
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of fundamental tone output power and third order product power.

The block diagram of on-wafer two-tone linearity or intermodulation distortion mea-
surements setup is shown in Fig. 4.25. Two RF CW sources generate two tones (f; and
f2) at desired separation (BW = f, — f1). Power of two tones are combined using a

PCM GeTe-RF Switch

RF CW RF CW
Source Source ol Output (dBm)

IJ Directional ?Aipectrum
Coupler nalyzef RF Spectrum at
Combiner -16 dBm DUT Output
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Figure 4.25: Block diagram of on-wafer linearity or intermodulation distortion measurement
setup for PCM switches.
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Figure 4.26: Photograph of on-wafer two-tone linearity / intermodulation distortion measure-
ment test-bench. Inset shows CPW GSG probes landed on a DUT.
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power combiner which outputs to a directional coupler. A spectrum analyzer is con-
nected to the coupled port of the directional coupler to monitor the input power level
of two fundamental tones. Input side spectrum analyzer is helpful to monitor if RF CW
sources are generating any intermodulation products. Input levels are offset to respec-
tive output levels by subtracting any loss from the connected components or cables. The
RF input and output port of the DUT is connected to two CPW GSG probes (mounted
on the wafer probe station). Output of the directional coupler is connected to DUT in-
put and a spectrum analyzer is connected to the output port of the DUT (RF PCM SPST
switch in this case) to measure the output spectrum. Ignoring the loss of the components
and cables, a theoretical maximum of 17 dBm power can be delivered at DUT input port
assuming both of the sources can output 20 dBm. Photograph of the test setup is shown
in Fig. 4.26. Inset of the Fig. 4.26 shows two CPW GSG probes landed on the PCM SPST
switch. The output spectrum of the device is logged at different input power levels of
both fundamental tones.

Measured IP3 or TOI of RF PCM SPST switch is shown in Fig. 4.27. Input power levels
of two fundamental tones are swept from —10 dBm to 10 dBm with a step size of 1 dBm.
Two tones are separated by 100 kHz with a centre frequency, fo =2 GHz. Dynamic range
of the spectrum analyzer is improved by using in-built attenuation levels. Averaged out-
put spectrum with 1 MHz span when the DUT is stimulated with two 10 dBm tones is
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Figure 4.27: Intermodulation distortion measurements of RF PCM SPST switches. (Left) Fun-
damental and third-order intermodulation products measured and extrapolated third-order in-
tercept point, (Right) Output spectrum observed with 10 dBm power of two fundamental tones
with third and fifth order products visible.
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Table 4.3: Third order intercept point measurements of RF PCM switch at varying centre fre-
quency and tone separation.

Centre Frequency Tone Separation Measured

(fo) (BW = f>- f1) IP3 / TOI
2GHz 100 kHz 41 dBm
2GHz 500 kHz 42 dBm
2GHz 1MHz 45 dBm
3GHz 100 kHz 42 dBm
3GHz 500 kHz 42 dBm
3GHz 1MHz 44 dBm
4GHz 100kHz 41dBm
4GHz 500 kHz 42 dBm
4GHz 1MHz 42 dBm

Note: and case scenarios are highlighted.

shown in Fig. 4.27. Extrapolated intercept point and calculated from the output spec-
trum reports 41 dBm of IP3. Third order and fifth order products visible in the output
spectrum at the expected frequencies. IP3 of the switch is also measured at fy = 2 GHz,
3 GHz and 4 GHz with tone separations 100 kHz, 500 kHz and 1 MHz that is summarized
in Table 4.3. RF PCM switches exhibit a minimum IP3 of 41 dBm.

4.4.7 Switching Speed Analysis

Switching or transition speed of an RF switch is crucial for many applications and fast
switching speed is always desired. Semiconductor switches provide switching speed in
nanosecond regime, while MEMS switches (depends on the topology) provide switch-
ing speed in microsecond range. Mechanical or coaxial switches are the slowest with
switching speed in millisecond region. PCM based RF switches require nanosecond
pulse to switch from crystalline state to amorphous state while microsecond pulse to
switch back from amorphous to crystalline state. Switching speed for the RF SPST switch
is experimentally evaluated. The experimental setup employed to measure the switch-
ing speed of the PCM GeTe-based RF switch is shown in Fig. 4.28. The setup consists
of a pulse generator to provide amorphous (f,5) pulse and crystalline (¢,,) pulse to the
switch at terminal 3 and 4. RF CW signal is generated from the source which passes
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Figure 4.28: Experimental setup for measuring the switching speed of an PCM based RF switch.

through an isolator between port 1 and 2. Port 2 of the isolator is connected to the RF
input port of the switch (Terminal 1). Port 3 of the isolator is connected to an attenuator
followed by a matched load. RF signal gets passed or blocked by the switch depending
on the actuation pulse provided. To analyze the switching speed, usually diode-based
detectors are frequently used due to their dynamic range. A high speed power sensor is
utilized in this setup which is based on diode stacks in place of single diode to improve
the measurement accuracy. A high speed power sensor with nanosecond rise/fall time
detection detects the RF signal change with respect to time. A power meter reads the
power from the sensor. In this case, a USB based power sensor is used, thus RF power
flow is read via software. The switching speed is also verified by using a high speed real
time oscilloscope. RF signal (on voltage scale) is captured by the scope to get insights
into switching or transition speed of the device.

The measured switching speed of the switch with the application of amorphous or
crystalline pulse is shown in Fig. 4.4.7. Depending on the applied pulse, the RF signal
captured by the scope shows switch ON or OFF with the change in the level of RF power.
Sourcing a 200ns pulse of 12V amplitude changes the switch state to amorphous and
the switch turns OFF completely within 275ns. A longer pulse of 1.2 us width and 7.8 V
changes the switch state to ON within 1.1 ps which translates the slowest switching speed
of the device. Transition speeds captured by the scope are verified by the power sensor
readings which are sampled for the entire duration.
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Figure 4.29: Measured switching/transition speed of an RF PCM-based SPST switch. Actuation
signal applied to the switch is also shown.

4.4.8 Device Lifetime Cycles and Reliability Testing

Reliability of a device is one of the utmost important parameter depending on its use
case scenario. Most of the reconfigurable RF systems utilize switches to achieve recon-
figurability. Many sectors including aerospace and automotive industry require highly
reliable devices. Reliability of the RF PCM switches is not very well studied till date.
An automated test setup is configured to test the RF PCM switching actuation cycles.
PCM GeTe based RF switches provide latching functionality, thus non-volatility of the
switches has also been studied.

The block diagram of a reconfigurable switch cycle testing and RF performance mea-
surement setup is shown in Fig. 4.30. Initial samples are tested by manual triggering of
actuation pulses using four DC probes. To test the switches for hundreds of thousands
of cycles, an automated test setup is configured. PCM switches can be cycled through a
high frequency custom pulse pattern from a single arbitrary pulse generator, but to make
sure the resistance change stays stable for a duration of time, very low frequency pulses
are triggered by automatically switching test equipments as demonstrated in Fig. 4.30.
The test setup also allows measuring PCM switch resistance, RF parameters, and micro-
heater resistance without changing the probe positions.

The RF PCM SPST switch developed using Gen 3 microfabrication process is shown
in Fig. 4.30. SEM micrograph of the PCM GeTe junction is highlighted. Corresponding
equivalent simplified switch model in both ON and OFF-state is also shown in Fig. 4.30.
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Figure 4.30: Block diagram of reconfigurable switch cycle testing setup and RF measurements
setup. Inset shows RF PCM SPST switch and PCM GeTe junction. Top level circuit model model
of the SPST switch in ON-state and OFF-state is highlighted.

The test setup consists of a probe station with two CPW GSG probes to measure RF per-
formance and also to source/measure voltage/current. Two source measure units (A
and B) are used in the setup. Two ports of SMU-B are connected to bias tees for decou-
pling DC signal from RE. CPW GSG probes are connected to port 1 and 2 of the DUT
and S-parameters are monitored using a 67 GHz performance network analyzer (PNA).
SMU-B connects to port 1 and 2 as well. Two DC probes are connected to port 3 and
4 of the DUT to supply actuation pulses to micro-heater and also to source/measure
voltage/current. DC probes are connected to the common port of a high performance
military grade electromechanical coaxial RF SPDT latching switch (SPDT-A). Output
channel 1 of the SPDT switch is connected to SMU-A while channel 2 is connected to an-
other similarly performing RF SPDT switch (SPDT-B). SPDT-B is a failsafe switch while
SPDT-A is a latching switch. A failsafe switch is incorporated to ease in reconfigurabil-
ity. A pulse generator (PG-A) is connected to channel 1 of SPDT-B and another similar

83



CH. 4 — PCM GeTEe-Basep RF SwitcHEs 4.4. RF PCM SwitcH MEASUREMENTS

- Equipment . ‘.
Control = _ Probe Station

Pulse :
Genlérator Programmable Function

A&B Power Supply @ Generator

Figure 4.31: Photograph of an automated on-wafer DC switch cycle testing setup. Inset shows
an in-house assembled modular connection matrix to connect DC probes to any equipment.
Zoomed-in view highlights the fabricated RF-PCM Si wafer probed with four DC probes.

pulse generator (PG-B) is connected to channel 2 of SPDT-B. An arbitrary function gen-
erator’s output is connected to trigger-in functionality of both the pulse generators. A
programmable power supply provides actuation to SPDT-B, which is controlled by the
same trigger signal through the function generator. A real time oscilloscope is connected
with a weak link to check the pulse shape at the end of the DC probe to offset any pulse
amplitude or width deterioration.

Reliability test setup photograph is shown in Fig. 4.31. A modular connection matrix
is built and all the input and outputs test port connections are routed to the connection
matrix as shown in the inset of Fig. 4.31. A photo of the fabricated wafer using Gen 3
process with four DC probes is also shown in the inset of Fig. 4.31. Two channel SMU
and a pulse generator are used to independently control SMU-A, SMU-B, PG-A and PG-
B. CPW GSG probes and DC probes landed on the device can be seen on the microscope
monitor beside DMM in Fig. 4.31.

Most of pulse generators require more than 0.1% duty cycle at minimum. Thus with
the smallest pulse width of 200 ns, pulse pattern at 5kHz train is the limit. To test the
switches at low speed and to make sure the state is stable, independent pulse generators
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Figure 4.32: Pulse pattern at the DUT input for switch cycles reliability testing. Crystalline and
amorphous pulses are scaled for illustration purposes. Crystalline and amorphous pulse pat-
terns are generated from two independent pulses generators and synced to trigger at 4 Hz fre-
quency.

PG-A and PG-B provide amorphous pulses and crystalline pulses respectively. Both
pulse generators are set to output a single pulse such that the cycle testing frequency
can be controlled by trigger-in signal from the function generator. SMU-B source a con-
stant 100mV to the DUT while measuring change in current. Measured current from
SMU-B is logged at a speed of test frequency with a delay of few milliseconds to make
sure the device gets in stable state before recording a data point. Pulse generators PG-A
and PG-B are connected to the DC probes 3 and 4 at the test setup frequency set by func-
tion generator. Impedance of the micro-heater is stabilized and matched with the output
load impedance of the pulse generators by cycling the device manually before starting
the automated setup. However, the PCM switch resistance is recorded from first cycle
onwards. Triggered sync signal from function generator triggers both amorphous and
crystalline pulses at the same time while triggering the output of programmable PSU. A
failsafe SPDT connects PG-A or PG-B depending on whether programmable PSU out-
puts the actuation signal or not. Utilizing this method, amorphous and crystalline pulses
are generated in a pattern as shown in Fig. 4.32. Pulse width is scaled by the factor of
(5 x 10%) for illustration purposes only. However the test setup frequency is set to 250 ms.
SPDT switches toggle the connected equipment at a minimum speed of 10 ms.

85



CH. 4 — PCM GeTEe-Basep RF SwitcHEs 4.4. RF PCM SwitcH MEASUREMENTS

—_
(e}
>

Lm

10°
10*

S

Amorphous State

PCM Switch Resistance (€)

10° >10* Resistance Change é
10° > 1 Million Switching Cycles E
Crystalline State s
10 S R
10° 4
1 I I ‘ 1 I I I ‘ 1 I I ‘ 1 I I ‘ 1 I I I ‘ 1 L1l \:

10° 10' 107 10° 10* 10° 10°

Lifetime (Cycles)

Figure 4.33: RF PCM switch lifetime switching cycles measurement demonstrating 1 million
cycles tested with more than four orders of resistance change.

4.4.8.1 Reliability: Device Switching Cycles

The fabricated RF PCM SPST switches demonstrate more than 1 million actuation cy-
cles experimentally without showing any sign of performance degradation or failure.
At 250 ms test frequency, testing 1 million cycles took close to 70hrs. The device was
fully functional at the termination of cycle testing. The test setup is limited by test-
bench availability and the lifetime of SPDT switches used. Two SPDT switches utilized in
the testing are highly reliable and high performance electromechanical RF switches but
have standard lifetime of 1 million cycles only. Reliability test was terminated to perform
other performance parameter tests on PCM devices. Device lifetime cycles measurement
showing over 1 million reliable cycles can be seen in Fig. 4.33.

4.4.8.2 Reliability: State Stability

In this section, reliability of the RF PCM switches is tested for its state stability over time.
Latching or non-volatility of the PCM GeTe switches is tested in both ON and OFF-states
over a period of 28 hrs. Resistance of the device is recorded by SMU at a rate of 1 Hz.
Device resistance change over time is shown in Fig. 4.34. The deviation seen at the middle
of the the ON-state resistance is due to the movement of DC probes. Micro movements
in DC probes are also due to ground vibrations as the probe station used is not set on a
vibration compensation table.
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Figure 4.34: Non-volatility or resistance stability measurements over a course of more than 28
hours in ON-state and OFF-state.

4.5 Comparison with State-of-the-Art

It is important to compare the developed technology with the state-of-the-art competi-
tion. Most of the commercial switches are available in the form of multi-port configu-
rations. To keep up with the technological advancement, RF PCM GeTe SP3T switches
are compared with the commercially available state-of-the-art RF switches developed
using several other technologies. The measured S-parameters of the devices used for
comparison are taken directly from the manufacturer. PCM GeTe-based SP3T switches
are compared with broadband microwave switches developed using RE-MEMS, mag-
netic relay, GaAs pHEMT and also with mmWave switches developed using SOI-MEMS,
Silicon-CMOS, UltraCMOS SOI and GaAs MMIC. Part number of the compared devices
are given in the footnotes of Table 4.4. Each of the switches used in comparison in the Ta-
ble 4.4 has its own performance pros and cons over the others. It depends on the use case
scenario or application to decide which performance parameter is the primary selection
criteria for the switches.

RF performance of the compared devices in ON and OFF-states is shown in Fig. 4.35
and a summary of the comparison in tabular form is provided in Table 4.4. The RF PCM
GeTe switch developed using Gen 3 microfabrication process outshines the competition
with its exceptional and best in class insertion loss performance over DC to 67 GHz. It
offers smallest die size among the competition, latching based and reasonable switching
speed and close to second best power handling capability among the compared devices.
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Figure 4.35: Measured insertion loss and isolation performance of current state-of-the-art tech-
nologies.

UltraCMOS SOI technology based SPDT switch demonstrates excellent isolation, rea-
sonable insertion loss till 60 GHz, low voltage, but has 15x larger chip area then PCM
GeTe SP3T switch.

A commercially available and highly reliable SP4T RF-MEMS switch is compared that
guarantees 1 billion switching cycles. This is the only commercially available RE MEMS-
based switch with excellent reliability. Commercial RE-MEMS also demonstrate excep-
tional linearity performance, but only work up to 14 GHz. The compared RF-MEMS
switch has power handling capability close to PCM GeTe switches but on the other side
has a device size 56 x larger than PCM GeTe SP3T switch. Magnetic relay offers great RF
performance, latching functionality and outstanding power handling capability among
the competition, but works up to 18 GHz only, reliable till 3 million cycles with slow-
est switching time of 7ms among the compared devices. Magnetic relay also has the
biggest chip/die size, which is 260 x larger than PCM GeTe SP3T switches. GaAs MMIC
and CMOS are top of the line switches in terms of switching time and control voltage,
but lack behind on the RF performance forefront.

Out of all the RF devices compared, each switch technology is unique in some way
or the other and also lack in one or more aspects. Switch technology selection choice
all comes down to the applications and frequency range. The developed PCM GeTe
switches push the boundaries by offering technology which leads in terms of high oper-

88



CH. 4 - PCM GEeTE-Basep RF SwitcHes 4.5. COMPARISON WITH STATE-OF-THE-ART

Table 4.4: Comparison with the commercially available state-of-the-art RF switches

Frequency Chip/Die  Control Switching

Technology Device Range Size Voltage Time
(GHz) (mm) (V) 10-90%
PCM GeTe ? SP3T 0.6 x 0.6 12VH 1.2 us
UltraCMOS SOI®  SP2T DC-60 25 %22 +3V 12ns
GaAs MMIC ¢ SP2T DC-50 098x0.75 -5V
Silicon SOI 4 SPAT DC—44 3x3 +3.3V 50ns
SOI RF-MEMS © SPST DC—40 1.2 %09 2ms
GaAs pHEMT f SP2T DC-20 1.3 x 0.85 —7V 10ns
Magnetic Relay & SP2T DC-18 11 x 8.5 12vt
RE-MEMS P SPAT 5 x 4 3.6V 75 us
Insertion Isolation Power Linearity Lifetime
Technology Loss (dB) (dB) Handling ITP3 Cycles
at fmax at fmax (dBm) (dBm) (Count)
PCM GeTe ? 16 355 41 >1M
UltraCMOS SOI® 2.8 27 48 —
GaAs MMIC © 30 27 —
Silicon SOT 4 3.0 31 27 50 —
SOI RF-MEMS © 2.8 14 — — —
GaAs pHEMT f 1.7 39 41 —
Magnetic Relay & 1.1 31 L — 3M
RF-MEMS b 3.0 36 69|

2 This work, developed in-house at the University of Waterloo, Part No. PC3S3T80.

b pSemi (Previously Peregrine Semiconductors), Part No. PE42525

¢ Analog Devices, Inc., Part No. HMC986A

d Analog Devices, Inc., Part No. ADRF5046

¢ Developed in-house, Part No. SM1CHV48

fAnalog Devices, Inc., Part No. HMC347B

& Teledyne Relays, Part No. GRF121 fmax = maximum operation frequency
h Analog Devices, Inc., Part No. ADGM1304

! Power handling data is shown of RF100/RF103 device from Teledyne Relays.

t Latching operation, thus no steady state power consumption.

" EES1, Reasonable and performance parameters are highlighted.
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ational frequency, broadband, insertion loss and die size. PCM GeTe technology carries
the potential for next generation wireless systems. RF PCM switches discussed in this
chapter are monolithically integrated to develop a vast library of RF components as de-
tailed in next chapters.
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Chapter 5

Investigation on Transient Heat
Distribution in PCM Switches

PCM RF switches operate on melt-quench principle which happens in sub-microsecond
regime. PCM GeTe requires more than 725 °C melting temperature for few hundred
nanoseconds followed by quenching to change the crystal structure of the material to
amorphous state. PCM GeTe needs around 450 °C to recrystallize from amorphous state.
Utilization of embedded micro-heaters to accurately deliver high speed and high temper-
ature heat pulses is unique to chalcogenide material based devices. This chapter reports
the design, investigation, and development of ultra high speed embedded micro-heaters
for PCM GeTe-based RF switches. Finite element modeling can predict thermal perfor-
mance close to the real world results, but relies on material thermal constants which
are provided by the user. A slight deviation in such constants lead to misleading re-
sults. Transient thermal performance of the micro-heaters are experimentally measured
using thermoreflectance based transient thermal imaging technique with nanosecond
spatial resolution. Heat distribution is investigated to optimize the micro-heaters and
RF switches. FEM models are reverse engineered to match with experimental results to
accurately predict cross-section thermal performance of RF PCM switches.

High temperature in miniaturized chips is of interest to the development of multi port
switches and scaling switch matrices. Thermal actuation crosstalk being the daunting
concern for PCM GeTe technology designers, RF PCM switches despite of the require-
ment of sub-microsecond high temperatures do not show any sign of thermal actuation
crosstalk. Thermal crosstalk is studied using FEM and also experimentally proven. Tran-
sient thermal imaging also allows investigation of the heat distribution in the thermal
cross-section. Some PCM SPST switches are intentionally supplied with more than the
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rated actuation voltage to push the thermal limits and get the safe limits for placing PCM
switches for complex monolithically integrated systems.

5.1 Thermoreflectance Based Transient Thermal Imaging

Thermoreflectance imaging technique is based on the change in surface reflectivity as a
function of material’s temperature. The physical mechanism of thermoreflectance with
a pump-probe laser source for measuring the thermal properties of a material have tem-
perature dependence of a material’s refractive index [89]. The refractive index is temper-
ature dependent due to the distance between atoms, thus with change in temperature,
the bandgap of a material varies on a microscopic view resulting in a slight change in
material’s reflectivity [90, 91].

The relation between the change in material temperature and the change in reflec-
tivity can be computed as a linear approximation when the temperature variation is not
large. The amount of the reflectivity changes with the change in temperature, and is
called thermoreflectance coefficient C;;,. Thermoreflectance coefficient is a property of
the reflective surface for the incident light wave. Cy, can be expressed as

_AR(A) [ 1 4R
T =) = (R(A)ﬁ) AT

where, R(A) is the reflection intensity, T is the temperature. Cy, is the property of a
material that is only a function of the illumination wavelength, A, for a homogeneous
surface of a homogeneous material.

The thermoreflectance coefficient, Cy;, is dependent heavily on wavelength which is
non-zero for most of the materials over majority of the visible wavelength range. Cy;, need
to be calibrated properly to get accurate thermal measurements. A stable calibrated Cy,
when used in conjunction with the hardware setup shown in Fig. 5.1 allows transient
thermal measurements with nanosecond spatial resolution [89-92].

5.1.1 Experimental Setup
The thermal imaging experimental setup used for measuring the transient heat distri-

bution in PCM-based RF switches is shown in Fig. 5.1. NT220B high resolution ther-
mal imaging system from Microsanj [90, 93] is used for this experiment. Chip level
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calibration tool, piezo-controller to auto calibrate the vibrations at nanometer scale with
post-processing spectral analysis modules are used to fully characterize the thermal per-
formance of the PCM based RF switches. Thermal crosstalk is also investigated with the
same experimental setup. A scientific grade Si CCD camera is used with 20x objec-
tive to get the field of view on the PCM junction. The RF switch (DUT) is mounted
on a 3-axis piezo-enabled stage that provide nanometer level vibration compensation.
Thermoreflectance technique requires highly sensitive vibration compensation to accu-
rately measure the temperature drift from the captured pixels, the experimental setup
is fixed on an actively tuned damped vibration compensation optical table. The sample
is held by back-side vacuum suction on the flexure stage mounted on a probe-station.
DC probes provide the device excitation pulse (amorphous or crystalline pulse), while
a high speed LED driver drives a light source. Due to the dependence of C;, on wave-
length of the light source, an optimum LED illumination wavelength is chosen that is
dependent on the stack of materials on DUT being imaged. An optical bandpass filter,
matched with the wavelength of source eliminate background noise from ambient light
is used to improve the signal-to-noise ratio. The LED source is pulsed to provide short
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Figure 5.1: Thermoreflectance transient thermal imaging of PCM GeTe-based RF switches high-
lighting the technique to generate thermal images using lock-in averaged pulses.
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sampling pulses of light.

To measure the time dependent temperature response of the switch, precise synchro-
nization of the device actuation pulses, LED pulses and the CCD exposure is required
(lock-in signals) which is performed at the system’s timebase electronics. A time series
of thermal images can be captured by shifting the delay continuously. Reflection inten-
sity is measured at both the off and on portions of the device actuation cycle, and the
difference is taken.

Thermoreflectance technique captures thermal images directly in the time domain
with time resolution as low as 100 ns which is required to capture thermal response of the
PCM switches. Transient temperature measurements and thermal images are generated
synchronization of time averaged device excitation pulses, LED pulses and CCD expo-
sure as shown in Fig. 5.2. Time-resolved imaging data is collected by pulsing the device
excitation pulses (actuation pulses) along with LED illumination pulses at a controllable
time delay [90, 91]. Fig 5.2 highlights the collection of f = 0 data point. Inter-locking
transient imaging method allows acquiring the temperature data points by shifting the
timing delay each cycle to achieve a time resolution. Time resolution is limited by the
equipment’s capability of pulsing the LED probe light as tightly as possible. To generate
a transient thermoreflectance image, a reference CCD exposed image with LED illumi-

tOﬁ( tO | 1
Device Excitation Pulse F r _______ P P
CCD Camera Exposure { : | { : | [ : ‘ l: |
'ty o N b b

LED Illumination Pulse H H H TIW H _"T2_’!|-|«ﬂ ﬂ T3_’| m H
Measured Temperature ﬂ _____________ ﬂ _____________ f-—w\_ _____________ f—L

Device Pulses JMM]]HL Acquisition Timing (Shifting by cycle)

Averaged Temperature ' Temperature data points along the bias cycle

Figure 5.2: Timing diagram of time-resolved imaging data acquisition by pulsing the device
excitation and LED illumination pulses at a controllable relative time delay. Timing diagram
highlights the acquisition of t = 0 data point. Temperature data points are acquired by shifting
the timing delay.
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Figure 5.3: Photograph of: (a) thermoreflectance based transient thermal imaging experimental
setup, (b) close-up view of probe-station and flexure stage, and (c) pulse generator and oscillo-
scope.

nation pulse delay ¢t = 0 is collected, followed by t > 0 CCD image. A subpixel image
registration algorithm is applied to a subset of the CCD images to align the t > 0 to the
reference followed by subtracting the registered t > 0 images from the t = 0 reference.
In-depth detail on the acquisition procedure is given by Microsanj LLC [90, 92-94]. Re-
peated and averaged measurements are taken to ensure accuracy of the data. Thermal
measurements test setup photograph is shown in Fig. 5.3 (a) by highlighting equipment
and components depicted in Fig. 5.1. Fig. 5.3 (b) shows the close-up view of the probe-
station, and Fig. 5.3 (c) depicts the photograph of HV pulse generator and oscilloscope.
Transient imaging module shown in Fig. 5.3 (a) has an in-built pulse generator, but due
to the restriction on amplitude, a custom pulse generator is used to provide excitation
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pulses.

5.2 High Speed Refractory Micro-Heaters

The melt-quench sequence to change the material’s resistance state can be achieved by
either directly heating the PCM GeTe material without using any localized and isolated
micro-heater or by providing the required temperature through an embedded micro-
heater. RF signal should be isolated from DC signals. For some applications, SPST
switches can take advantage of external decoupling of DC from RF, but in most of the
cases it is not a practical implementation approach. Bias signal should be isolated when
multi-port complex RF devices are designed. Micro-heaters are developed for PCM
GeTe switches that can provide the adequate temperatures required for melt-quench se-
quence. Primarily the thin-film resistive micro-heaters should be designed with a mate-
rial that can withstand more than 1000 °C repeated actuation cycles. Nichrome, tungsten
or molybdenum are potential candidates with high melting point.

The RF PCM GeTe switches have critical design parameters that radically affect the
RF performance. Micro-heaters add significant capacitive coupling in the RF signal line
as discussed in chapter 4. RF electrodes need to cover the width of the heater to avoid
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Figure 5.4: (Left) FEM simulations of micro-heater highlighting actuation terminals and heated
region of the heater. (Right) Change in temperature with various heater lengths for different
materials and thickness.
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edge cracks in the PCM as discussed in section 3.12. Thermal performance of the high
speed micro-heaters depends largely on the design dimensions, length of the heater (/)
and width of the heater (wy,) as well as on the thickness of thin-film and material used
for the heaters. Initial RF PCM switches were designed using NiCr micro-heaters, but
during material characterization, tungsten micro-heaters were developed in subsequent
microfabrication processes. Tungsten being the refractory metal is resistant to heat and
wear. Tungsten also has the highest melting point >3400 °C and the highest boiling point
>5900 °C of all the elements discovered which makes this material perfect for providing
thermal actuation pulses.

Sputtered tungsten films show spring-coil stresses in a couple of initial samples as
discussed in section 3.10. Optimized deposition conditions allow forming stress free
sputtered tungsten thin-films for Gen 2 and Gen 3 microfabrication processes. It is well
known that material properties of thin-films are far off from the bulk properties and they
depend heavily on the deposition conditions and the source of deposition. FEM mod-
eling can accurately predict the thermal performance, but it requires thermal properties
and heat coefficients of the material stack, which needs to be measured to get reason-
able thermal performance prediction. Experimental transient thermal imaging is used
to investigate the accurate temperature profile for the development of reliable RF PCM
switches.

5.3 Transient Thermal Imaging of Micro-Heaters

Thermoreflectance transient thermal imaging technique is used to experimentally ana-
lyze the heat distribution across the fabricated micro-heaters. Thermal performance is
analyzed using light source wavelength 530 nm. A CCD micrograph of the heater probes
at both the positive and negative end is shown in Fig. 5.5. Transient thermal images are
captured at every 25 ns intervals. Thermal images are shown for the same applied pulse
width 200 ns and two different pulse amplitudes 8 V, 12'V. Later, a wider 500 ns pulse is
applied with 15V amplitude to the same heater. Pulse amplitude 12V generates 763 °C
which is sufficient to melt the material. Temperature drops quickly to less than 200 °C
within 50 ns at the end of 200 ns pulse as shown in Fig. 5.5. Under-powered pulse with
8 V amplitude generates only 482 °C temperature, while an over-powered wider pulse of
15V generates high temperature leading to heater breakage as shown in Fig. 5.9. Burnt
and cooldown phase of the damaged heater is captured at 50 ns intervals after the dam-
age as shown in Fig. 5.5.

Thermoreflectance technique requires careful calibration of Cy, coefficient and after
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Figure 5.5: Transient thermal imaging of fabricated tungsten micro-heaters on sapphire sub-
strate. (Left) CCD micrograph and DC probes, (Right) Heat distribution in micro-heater at dif-
ferent time intervals with the application of 200 ns pulse width and change in pulse amplitude.
12V, 200 ns pulse shows sufficient temperature to melt the PCM GeTe, while 15V, 500 ns pulse
damages the heater.

calibration, if the material thickness or stack has not been altered in any way, same Cy,
coefficient can be used for repeated measurements between wafers. Infrared thermal
imaging is not a suitable technique to evaluate high speed thermal performance as re-
quired for PCM switches. Thermoreflectance provides nanosecond spatial resolution
which is perfect to evaluate the thermal performance of the micro-heaters. Experimen-
tal results are mapped with multi-physics FEM models to get accurate simulation results
and to speed up further designs and analysis of full 3D PCM switch.

Heat-distribution across the width and length of the micro-heaters is evaluated as
shown in Fig. 5.6. The micro-heaters when stimulated using 12V, 200 ns pulse, can gen-
erate more than 750 °C. Temperature drops near the edges across the width of the heater
(wy,) as plotted across the cross-section A-A” while equally distributed across the length
of the heater (/;;) as shown across the cross-section B-B” in Fig. 5.6(a) and 5.6(b) respec-
tively. This clearly shows that the width of the heater should be wider than the PCM
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Figure 5.6: Heat distribution across micro-heater surface: (a) Cross-section profile across the
width of the heater using amorphous pulse, (b) Cross-section profile across the length of the
heater using amorphous pulse, and (c) Cross-section profile across the length of the heater cap-
tured at 250 ns with the stimulus of 15V, 200 ns pulse.

channel length (Is). Excessive voltage provided to the heater leads to damage from the
middle as shown across the cross-section B-B” in Fig. 5.6(c). Thermal cross-section pro-
files are captured right before the cooldown stage, while the damaged heater profile is
captured 50 ns after the breakage when supplied with 200ns 15V pulse. The breakage
occurs somewhere between 225 ns to 250 ns regime, which can not be captured as it is
out of the spatial resolution limits of the equipment.

A single layer tungsten micro-heaters of certain length, width and thickness fabri-
cated on the sapphire wafer provides expected thermal performance, but for the heaters
to be used in PCM switches, it requires careful calibration and analysis of heat distribu-
tion due to the use of multiple thin-film layers. Full 3D model transient simulation is
carried out on the PCM switch as discussed in the subsequent sections.
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5.4 Transient Thermal 3D Multiphysics Modeling of PCM
Switches

A 3D FEM multiphysics model is developed to optimize the thermal balance and heat
flow in the RF PCM switches. Quenching is extremely important in PCM GeTe switches,
thus thermal performance of the chosen dielectrics should push the heat into the PCM
and helps sink the heat out as quickly as possible. Thinner thermally conductive dielec-
tric layer like silicon nitride (SiNx) between micro-heater and PCM GeTe can adequately
transfer heat to the PCM, but generates parasitic capacitance. Slightly thicker dielectric
material can reduce the capacitance but does not source/sink adequate heat to the PCM.
A more robust thermally conductive dielectric material alumina nitride (AIN) is an ex-
cellent choice. Reasonably thick AIN can source heat to the PCM without generating
significant capacitance. Most of the material properties are extracted experimentally to
get thermal coefficients that are used in FEM modeling for improving the accuracy of
the simulations.

Transient heat distribution in PCM GeTe switches is studied using 3D multiphysics
modeling as shown in Fig. 5.7. Photograph of a fabricated PCM SPST switch die/chip de-
veloped using Gen 3 microfabrication process on a tip of a finger is shown in Fig. 5.7(a).
A quarter 3D FEM model is studied due to its symmetrical nature. Symmetry planes
and a quarter 3D model used for transient thermal simulations is shown in Fig. 5.7(b)
and Fig. 5.7(c) respectively. An optical micrograph of the PCM SPST switch is shown in
Fig. 5.7(d). An amorphous pulse of 12V amplitude, 200 ns width is used as a stimulus
to the FEM model. A delay of t=20ns is added to capture any mid rise time transients.
Heat distribution at t=195 ns is shown in a 2D cross-section of the material stack depicted
in Fig. 5.7(f). An inset in Fig. 5.7(g) shows a close-up view of the PCM junction spliced
across the symmetry planes representing the 3D rendered view to visualize different
thin-film materials.

Melt-quench sequence at the PCM switch junction is captured after every 5ns in-
tervals. Fig. 5.7(h) shows heat distribution in PCM switch at various time intervals.
At t=195ns, maximum temperature is sourced to the PCM following the quench stage,
where the temperature sinks towards to top of the switch. Thermals in the PCM junc-
tion are balanced by using appropriate thermally insulator or conductive dielectric lay-
ers. Appropriate thickness of substrate insulator and barrier layer helps directing the
heat flow towards the PCM rather than sinking all the heat into substrate or not sinking
any heat at all. Dielectric layer deposition methods and properties dictate the reliability
of PCM switches. PCM switches are passivated using oxide layer to avoid any material
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Figure 5.7: Transient heat distribution using FEM modeling of RF PCM SPST switch: (a) Photo-
graph of a fabricated RF PCM SPST switch die/chip on tip of a finger, (b) 3D rendered model of
the RF PCM SPST switch with two symmetry planes, (¢) Quarter symmetrical 3D model for FEM
modeling the heat distribution in the PCM junction. (d) Optical micrograph of the RF PCM SPST
switch fabricated using Gen 3 microfabrication process, (e) Amorphous pulse shape applied for
FEM transient analysis, (f) 2D cross-section of the quarter model showing heat distribution at
t=195ns, (g) 3D rendered model highlighting thin-film stacks equivalent of Gen 3 microfabrica-
tion process, and (h) Transient heat distribution in 3D FEM model of the PCM switch at different
time intervals with the application of a single amorphous pulse. Temperature starts rising after
t=20ns delay and reached its maximum value at t=195ns before quenching.
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degradation due to melt-quench sequence.

Change in temperature distribution over time is plotted for both amorphous and crys-
talline phase change case with the application of appropriate pulse. Heat distribution
in the material stack across the z-axis and x-axis of the FEM model is also studied as
shown in Fig. 5.8. A quarter 3D model of the RF PCM switch is shown with 3D coordi-
nates and materials. Temperature change is monitored at the mid point on the surface
of PCM and micro-heater for the amorphous pulse (12V, 200ns pulse) and crystalline
pulse (8V, 1.2 us pulse) case as depicted in Fig. 5.8. Amorphous pulse generates more
than 750 °C temperature at the mid section of the PCM junction. Temperature reached
to the surface of the PCM GeTe with a slight delay of 20 ns due to the use of sandwiched
barrier layer in between. During the fall time of the applied pulse, temperature drops
instantly to less than 400 °C right after 20ns of amorphous pulse width. Quenching in
PCM switches is important to make sure the material does not recrystallize at the end of
amorphous pulse. If the heat does not sink efficiently and quickly, switching the PCM
from crystalline to amorphous would require high pulse power, which ultimately does
not offer reliable operation. This phenomenon has been observed in some of the initial
prototype switches, in which the switch actuated for only few cycles and catastrophically
damaged thereafter due to the retention of heat at the PCM junction.

Applying the crystalline pulse stabilizes the required temperature for recrystalliza-
tion of PCM GeTe. The pulse conditions mentioned provide reliable reversible switching
operation. Heat distribution across the vertical cross-section A—A’ and B-B’ is shown in
Fig.5.8. A-A’ and B-B’ cross-sections are 1.2 um apart. A-A’ cross-section is across z-axis
(x=0pm, y=0 pm, z=—100 pm to 400 pm), while the cross-section B-B’ is plotted 1.2 ym
apart across z-axis (x=1.2 ym, y=0 pm, z=—100 pm to 400 ym). Corresponding temper-
ature at the cross-sections are shown in Fig. 5.8 for amorphous pulse and crystalline
pulse cases. There is close to 250 °C temperature difference in micro-heater between A-
A’ and B-B'. At t=195ns, there is negligible temperature gradient from micro-heater to
PCM surface temperature across A-A’. However, there is a large temperature gradient in
PCM GeTe across B-B” which is mainly caused by gold metal electrode on top of PCM.
Slightly thicker metal layer is deposited to minimized RF loses, but it acts as a heat sink
and takes out most of the heat from the PCM leads to a large gradient across the thick-
ness of PCM. Similar temperature gradient can be seen in crystalline case, where metal
electrode on top of PCM acts as a heat sink dropping the temperature across the thick-
ness of PCM GeTe. Substrate region, heater thickness and PCM thickness is highlighted
in cross-section plots as shown in Fig. 5.8 to clarify thickness of all the materials.

Apart from the metal electrodes acting as heat sink to generate temperature gradi-
ent, micro-heaters also do not provide sufficient heat near the edges across the width.
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Figure 5.8: (Top left) Quarter 3D model of the RF PCM SPST switch highlighting the 3D space
coordinates, (Top mid) Cross-sections of vertical profiles along z-axis, A-A’ is at the centre of the
model while B-B’is at 1.2 ym apart under the RF electrodes, (Top right) Horizontal cross-sections
along x-axis, solid line for PCM GeTe and dashed line for micro-heater. Change in temperature
over time on the surface of PCM GeTe and micro-heater is plotted using amorphous pulse and
crystalline pulse. Corresponding plots show temperature across z-axis and x-axis of the FEM
model cross-sections. z-axis and x-axis cross-sections are plotted at {=195ns with amorphous
pulse stimulus, and at t=1.2 yus with crystalline pulse application. Temperature drops signifi-
cantly at B-B’ as a slightly thicker gold metal layer acts as a heat sink.
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Temperature drops across the width of micro-heaters as shown the x-axis cross-sections
in Fig. 5.8. Temperature distribution is studied over the surface of PCM and across the
width of micro-heater across x-axis (x=—3 pm to 3 ym, y=0 pm, z=0.1 pm across micro-
heater and z=0.26 ym across PCM surface). Temperature drops across the width of the
micro-heater can also be seen in the experimental measurements as shown in Fig. 5.6(a).
Sudden temperature drops in the PCM cross-section is due to metal electrode, which
starts exactly from x=—1 pum towards negative side and x=1 ym towards the positive
side of the model. Heater width (wj,) is highlighted using cross-hatch in Fig. 5.8.

5.5 Experimental Investigation of Thermal Crosstalk

Heat distribution studied using FEM model is experimentally validated using transient
thermal imaging. Various multi-port miniaturized monolithically integrated complex
RF components require a number of switches to be integrated very close to each other.
PCM technology allows very tight integration of switches due to the smaller size of
switches compared to other technologies. One of the daunting concern that designers
can think of is the thermal crosstalk in PCM switches. Thermal crosstalk has not been
investigated for PCM technology till date. Due to such high temperature required for
PCM switch actuation, a common question arises if the temperature generated to actu-
ate a PCM switch can also actuate closely placed PCM switches!

Experimental investigation of thermal actuation crosstalk using transient thermal
imaging proves no actuation crosstalk. It also provide safe limits to closely integrate
PCM switches monolithically. Thermoreflectance coefficient Cy, is calibrated and tested
on known standards to make sure the reliability of the calibration. Transient thermal
imaging of the fabricated RF PCM switch for investigating thermal crosstalk is shown in
Fig. 5.9. A CCD micrograph at 20x objective is shown in Fig. 5.9(a) highlighting landed
DC probes on micro-heater terminals to provide actuation pulse and also showing RF
input and output ports. PCM junction is marked as region of interest. Fig. 5.9(b) shows
the heat distribution in a thermal image when single over-powered 15V, 2 us pulse is
applied across micro-heater terminals.

Thermal images of the PCM switch junction are captured at different time intervals
while applying a 12V, 200 ns pulse with 5 ns rise/fall time. Melt sequence completes at
t=200ns followed by quench and cool-down sequence from at =200 ns onwards. A CCD
micrograph merged with temperature at t=200ns is also shown in Fig. 5.9(c). Thermal
images are captured at 20 ns time internals. A melt sequence is observed till t=200ns.
By t=350ns, the switch has already completed cool-down phase and the temperature at
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Figure 5.9: Transient thermal imaging of RF PCM SPST switch for investigating thermal cross-
talk: (a) CCD micrograph showing the region of interest, DC probes and RF ports, (b). Thermal
image of the switch captured at t=200ns on the application of a 15V, 2 us pulse. (c) Thermal
images of the switch captured at different time intervals with the stimulus of pulse conditions
mentioned above the temperature scale. Melt sequence completes at t=200 ns followed by quench
and cool-down sequence from at t=200ns onwards. A CCD micrograph merged with tempera-
ture at t=200ns is also shown.

the junction drops below 50 °C. A CCD micrograph is merged with thermal image at
t=200ns for better readability in Fig. 5.9(c).

3D plots of transient thermal imaging measurements of the RF PCM switch at differ-
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Figure 5.10: Experimental 3D transient thermal imaging measurements of the RF PCM SPST
switch at different time intervals showing melt-quench action with the application of a single
12V, 200ns pulse. Maximum temperature is recorded at t=200ns, followed by a quick cool-
down phase shown at t=300ns. Temperature scale is different for each image.

ent time intervals showing melt-quench sequence with the application of a single amor-
phous pulse is shown in Fig. 5.10. Maximum temperature is observed at t=200ns fol-
lowed by cool-down phase. It should be noted that the temperature scale is different for
each plot. The 3D plots shown in Fig. 5.10 represent the same thermal measurements
given in Fig. 5.9.

To investigate the thermal cross-section in PCM switches, heat profiles are measured
across 300 pum A-A’ cross-section of the RF PCM switch as shown in Fig. 5.11. T¢ is the
recrystallization temperature and T, is amorphization temperature. With a crystalline
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actuation pulse (8 V, 1.2 us), heat distribution across the A—A’ cross-section is measured
at t=1.2 ym. No thermal crosstalk or any hot-spots are observed across 300 ym length.
Temperature rises past T within 7 ym length and is less than 200 °C within 14 ym around
the junction. Metal electrodes sink the temperature, thus heat is extremely localized and
confined within 15 ym junction surface area as shown in Fig. 5.11(a). Amorphous pulse
(12'V, 200ns) is applied across micro-heater terminal and across A—A’ cross-section, no
thermal hot-spots or crosstalk is observed. Across 300 pm, temperature above T, is con-
fined to 5 um junction area and is below 200 °C within 16 ym region. With the amor-
phous and crystalline pulses, temperature is localized to 20 pm area of the PCM junction
and is below safe limits of 50 °C as shown in Fig. 5.11(b).
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Figure 5.11: Heat distribution across 300 ym A-A’ cross-section of the RF PCM switch to study
thermal crosstalk: (a) A crystalline pulse of amplitude 8 V and 1.2 yus width generates sufficient
heat (T;) to crystalline the PCM switch. (b) An amorphous pulse of amplitude 12V and 200 ns
width generates temperature (T,) to melt the PCM GeTe. No thermal crosstalk is seen in (a) and
(b). (c) A15V amplitude and 2 ps wide pulse is supplied to the heater which is beyond its rated
actuation limits. Thermal image is captured just before the switch breakdown showing crosstalk
across 80 pym width.
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It is interesting to study the thermal crosstalk and safe integration limits if by any
means a high-power pulse (either high amplitude or wider pulse) is accidentally sup-
plied to the switch. A voltage pulse of 15V amplitude and 2 pus width which is beyond
the rated specifications, is applied which leads to catastrophic non-reversible damage to
the PCM switch. Thermal image is captured at t=200 ns right before the start of degra-
dation of the switch. Excessive heat is generated which completely melts the PCM for a
long duration and ultimately damaging the micro-heater as shown in Fig. 5.11(c). Heat
profile is plotted across A-A’ cross-section over 300 pym length showing 40 pm region
with >1000 °C temperature, 50 pm region with temperature beyond T, limit, 90 pym area
with temperature above T, and 160 pm region with temperature above 200 °C. Tempera-
ture drops below 50 °C beyond 250 ym area. This clearly shows that if accidentally a high
power pulse is supplied to one of the many PCM switches integrated closely, it turns into
amorphous stage within 50 pm limits, changes to crystalline state within 90 pm periph-
ery with signs of signal leakage due to slight change in resistance within 160 pm region.

For the rated bias signature, RF PCM switches can be integrated as close at a distance
of 20 ym. If miniaturization is not the primary design criteria, switches should be placed
at least 200 pm apart as ultimate safe limits.

5.6 Post Pulsing Failure Investigation

Thermal crosstalk in PCM switches becomes prominent only if more than rated bias
signature is supplied to the switches. With a stimulus of a 15V, 2 us wide pulse with
10ns rise and fall time, temperatures close to the melting point of refractory tungsten
is observed damaging PCM junction and the heater as shown in Fig. 5.12. A 3D plot of
measured surface heat distribution across PCM switch junction is shown in Fig. 5.12(a).
Thermal images shown in Fig. 5.12(b) are captured at 50ns intervals. Switch degra-
dation can be seen at the middle part of the junction at t=250ns. At t=250ns it is not
clear whether the degradation occurs only in PCM or both PCM and micro-heater. Al-
though a 2 us wide pulse is applied, if only the PCM GeTe has melted, then heat distri-
bution should propagate till the end of the pulse width, instead, starting at t=300ns in
Fig. 5.12(b), the damage becomes prominent that the micro-heater failed which led to a
sharp drop in temperature. Metal electrodes acts as a heat sink that speed up the cool-
down phase. Starting at t=400ns, the temperature across PCM junction drops below
500 °C equivalent to the temperature scale shown in Fig. 5.12(b). The RF PCM switch is
catastrophically damaged when more than rated bias signature is provided.
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Figure 5.12: Experimental post pulsing failure investigation in RF PCM switches if excessive
power is delivered to the via beyond specified pulse characteristics. (a) 3D plot showing heat
distribution across PCM junction region with the maximum temperature of greater than 2000 °C
before damage. (b) Thermal images of PCM switch at different time intervals. Damage starts
within few nanoseconds right after applying 15V, 2 yus wide pulse.

5.6.1 Thermal Balance in PCM Switches

Initial prototype PCM switches exhibited similar failures, which motivated this study
to investigate this thermal analysis experimentally. After fabrication, depending on the
material thickness, properties and deposition conditions, it is extremely important to
carefully characterize the PCM switches. It is utmost important to thermally balance the
PCM switch junction such that the heat flow sources desired T, or T, temperatures and
properly sinks the heat at quenching. Failure to meet any one of the stated conditions
lead to either no resistance change or switch failure. The margin between benchmarking
successful switch cycling falls between following condition of heat flow:

e Ideal condition (proper sourcing and proper sinking)
e No resistance change (under sourcing or over sinking)
e No resistance change (proper sourcing and under sinking)

e Switch failure (over sourcing and under sinking)
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Actuation cycling of PCM devices requires careful characterization to manage the
heat flow until a proper bias condition is found. An established bias signature works only
for the characterized PCM junction dimensions including PCM channel length (I5), PCM
channel width (w;), micro-heater length (I},) and micro-heater width (wj;,). Apart from
design parameters, micro-fabrication process, layer thickness and choice of materials
affect the thermal balance. Deviation in across wafer resistivity of micro-heater layer,
leads to change in bias condition which requires re-characterization.

s
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Chapter 6

Multi-Port RF PCM Switches and
Switch Matrices

Multi-Port switches are an integral part of any reconfigurable RF system. Switch config-
urations like single-pole double-throw (SPDT) and single-pole triple-throw (SP3T) are
the most commonly used ones in various applications. Single-pole N-throw (SPNT),
where N =2, 3, 4, ... provides the flexibility to easily route the RF signal at input port to
one of the available output ports. Conventionally, the overall size of any SPNT switch
scales with an increasing number of output ports, but as demonstrated in the previ-
ous chapters, PCM based RF switches carries tremendous potential to miniaturize and
monolithically integrate switches for the development of multi-port devices.

While, SPNT switches offer reconfigurability through routing the RF input signal
to any available output port, switch matrices on the other hand provides the flexibil-
ity to route RF signals between multiple inputs and multiple output ports. Majority of
the RF switch matrices are used in test equipment, communication systems, and satel-
lite communication. Traditionally available switch matrices are built using discrete elec-
tronic components increasing the overall size and weight of the switch matrix. RE-MEMS
based switch matrices were developed in past decade, which offer RF performance up
to 40 GHz. Till date, MEMS-based switch matrices are not commercially available due
to their reliability and packaging challenges. Miniaturized PCM-based mmWave switch
matrices can offer tremendous size reduction while offering excellent RF performance.

This chapter details the various PCM based RF SPNT switch configurations devel-
oped in-house. Various mmWave switch matrices are monolithically integrated, which

Parts of this chapter are published in [95-97]
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outperforms current state-of-the-art competitive RF technologies in terms of frequency
range of operation to overall device size.

6.1 Multi-Port Switches

6.1.1 SP2T and SP3T Switches

The RF PCM SPST switches discussed in chapter 4 outperform the state-of-the-art RF
switches in terms of broadband operation frequency, highly miniaturized chip/die size,
low insertion loss, low control voltage requirement, latching operation, better power
handling capability, and reasonable linearity and switching time. Based on the RF switch
aspects, compact multi-port RF PCM-based SP2T and SP3T switches are developed.

Multi-port switches share the same junction dimensions as of SPST switches de-
veloped using Gen 3 microfabrication process. Layout of SP2T and SP3T switches are
shown in Fig. 6.1(a) and (b) respectively. Any RF device with more than two RF ports
in CPW configuration require RF grounds interconnected. M3 layer in Gen 3 micro-
fabrication process is utilized to connect RF grounds. The dielectric constant and thick-

SP2T Core

Bias / Control Pads SP3T Core
(a) (b)

Figure 6.1: Device layouts of RF PCM multi-port switches: (a) SP2T switch, (b) SP3T switch.
Device geometries highlight core area of the switch, bias routing, and control pads.
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ness between M2 and M3 generates large parasitic capacitance, which creates impedance
mismatch to the 50 () RF signal line. SP2T and SP3T core share similar ground con-
nections and the RF signal path underneath is optimized to maintain the characteristic
impedance. Optimizing the impedance and loss of the overlapping metal layer is utmost
important especially for the mmWave devices, as the parasitic capacitance can block the
signal flow if not taken care of in the design phase. Optical micrograph of the fabricated
SP2T and SP3T switches are shown in Fig. 6.2(a) and in Fig. 6.2(b) respectively.

6.1.1.1 Routing Functionality

The RF PCM SP2T has three ports namely RFC, RF1 and RF2. RFC is a common in-
put RF port while RF1 and RF2 are the two output RF ports. SP2T utilizes two PCM
switches. CTRL1, CTRL2 and GND are the control signals. Providing actuation pulse
(amorphous/crystalline) between CTRL1 and GND actuates the switch between RFC and
RF 1 while providing a pulse between CTRL2 and GND routes the signal between RFC and
RF2. Due to the compact dimensions of RF PCM switches, these switches are placed as
close to the T-junction to minimize any reflected RF signals from the non-connected port.

GND / CTRL2

B

s\ fa
RFC [.j (s

F%?_'“‘ *"”J
Bt

CTRL3 CTRL2 / GND

(b)

Figure 6.2: Optical micrographs of RF PCM GeTe-based multi-port switches in (a) SP2T config-
uration, (b) SP3T configuration.
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Similarly, the PCM SP3T switch works exactly as SP2T switch with an added func-
tionality of an additional RF3 output port. PCM switches are latching (non-volatile)
switches that does not require constant control signal connection, which allows shar-
ing the control/bias pads. To minimize the number of control pads, the SP3T switch
is designed with only four control pads namely CTRL1, CTRL3, and two shared pads
GND/CTRL2 and CTRL2/GND. To route the signal between RFC and RF1, pulse should
be applied at CTRL1 and GND/CTRL2 (acts as a GND terminal). To actuate the signal be-
tween RFC and RF 2, actuation signal need to be applied at GND/CTRL2 and CTRL2 /GND,
while the signal should be provided at CTRL3 and CTRL2/GND (acts as a GND) if routing
the RF signal between REC and RF 3. A dummy pad NC in SP16T switch is not connected.

6.1.1.2 RF Port Size and Device Core Area

The RF PCM switch junction (PCM SPST switch core) utilized in SPST switches are of
20 pm x 20 ym in size while the overall periphery of the switch is 500 pym x 400 ym. The
additional area is occupied by the required RF ports and bias pads. RF CPW port size
can be designed for the required GSG probe pitch size. Various manufacturers provide
GSG probes with pitch size varying from 50 ym to 250 pm, thus the overall device size
depends largely on the desired probe pitch size. To report the realistic device size, the
core area is highlighted, which can be monolithically integrated in any circuit. The over-
all device size is also reported including all the RF ports and bias pads (that depends
on the probe pitch). If the core is smaller in size than the port size, it not only increase
the overall device size, but also introduce additional RF signal transmission loss due to
length and tapering of the RF signal path. The RF SPST switch is designed to accommo-
date GSG probe pitch range 100 pm to 250 pm thus increasing the overall device size.

6.1.1.3 SP3T Switch v2

An optical micrograph of the RF PCM based SP3T switch with larger port size is shown
in Fig. 6.3. The switch functionality and performance is identical to the SP3T switch
shown in Fig. 6.1(b) and in Fig. 6.2(b) with the only different of RF port size, which can
accommodate larger probe pitch (150 ym). The SP3T core is shown in an inset of Fig. 6.3
with dimensions 76 ym x 76 ym, which is highly miniaturized and can be monolithically
integrated into any RF device. The overall device area of SP2T and SP3T switch shown
in Fig. 6.2(a) and (b) is less than 300 pym x 300 ym, while the overall device periphery
of the SP3T switch shown in Fig. 6.3 is 600 pm x 600 pm.
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Figure 6.3: Optical micrograph of PCM GeTe-based RF SP3T switch. Inset shows an optical
micrograph of the SP3T core with dimensions.

0 r = \ \ —e—o—a—n 0 F ]
| Insertion Loss ] . E E
% 10 :* i % 05 E ;
2] r v U .
g 20 == = 8 ]
e Nt 1z E E
. 18 ,C .
ks 30 - ] § 1 - .
& i/ = a 3
40 Input at RFC — . Input at RFC 7
ki I \ I \ I \ I \ I \ I \ 17 15 C \ I \ I \ I \ I \ I \ 1]
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Frequency (GHz) Frequency (GHz)
- IL RF1 (Meass.) RL RF1 (Meas.) = ISO RF2 (Meas.)
-~ ILRF2 (Meas.) —~ RLRF2(Meas.) -= ISORF3 (Meass.)
-—- IL RF1 (Sim.) RL RF1 (Sim.) - ISO RF2 (Sim.)

Figure 6.4: Measured and simulated RF performance of RF PCM SP3T switch. RF performance
of SP2T switch (not shown) is identical to SP3T switch due to its identical core design.
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The EM simulated and measured RF performance of the SP3T switch is depicted in
Fig. 6.4. Due to the similar and symmetrical device core, only the RF performance of
SP3T switch is shown. The SP2T switch has an identical RF performance. The SP3T
switch exhibits lower than 1.2 dB insertion loss while better than 16 dB isolation. Return
loss is better than 18 dB over the frequency range. Measurements match closely with the
EM simulations as all the material parameters required for EM simulations are taken
by measuring various test structures. The switch reported have better than 41 dBm IIP3
and can handle 3.5 W CW power (not including self-actuating concerns, which can be
improved by modifying the PCM switch junction dimensions).

6.1.2 SPS8T and SP16T Switches

Developing higher order multi-port switches (SPNT with N>8) pose tremendous chal-
lenge in terms of meeting the RF performance and device size goals. A unique design
approach is applied in designing SP8T and SP16T switches. Most of the higher order
multi-port switches are designed using cascading SP2T, SP3T or SP4T switches, but cas-
cading the switches impact RF performance. The cascading approach limits the number
of outputs in case of a switch failure (open circuit). Unlike RF-MEMS or mechanical
switches, which can either fail in open (membrane damage) or short circuit (micro-
welding/stiction) state, PCM switches are very unlikely to show short circuit failure.
PCM GeTe will melt providing open circuit in the RF signal path.

To get identical RF performance to available ports, a circular shaped SP8T and SP16T
switches are designed and developed based on kaleidoscopic design approach. The
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\ RF Port HIM o~
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-~ iy
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Micro-heater

(b)
Figure 6.5: Unit-cells for (a) SP8T switch and (b) SP16T switch.
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SP8T Switch with Eigth Symmetrical Unit Cells C2

SP8T Core
\HI

Control Signal ~ Adjacent Switch
Ground Node Actuation Pad RF7

(@ (b)
Figure 6.6: RF PCM SP8T Switch: (a) Arrangement of unit-cells, (b) Chip layout of the switch.

SP8T and SP16T switches are extremely compact in terms of size. Unit cells are designed
and pivoted around the central point. All of the output ports have a PCM switch in series
to allow or block the signal through that port, while the input RF port does not have any
switch. The unit cells for SPST and SP16T switches are shown in Fig. 6.5(a) and (b) re-
spectively. The SP8T switch is developed utilizing 8 identical and 1 input side unit-cells
with a rotation angle 6=40°. Interconnected RF grounds are designed using top metal
layer (M3) in Gen 3 microfabrication process. Bias connections to micro-heaters share
a common ground node and a control pad integrated adjacent to the PCM switch path.
Impedance mismatch throughout the circuit is optimized for any parasitic couplings.

The RF PCM SP16T switch is designed using the similar design approach, but rather
the switches are spaced out to accommodate 16 RF routes as shown in an unit-cell in
Fig. 6.5(b). The unit-cell for SP16T are arranged in a circular fashion around the mid
point with rotation angle 6=21.176°. Except for the input side unit-cell, which does not
have any switching element, all the remaining 16 unit-cells are identical.

Unit-cells arrangement in SP8T switch and the switch core is shown in Fig. 6.6(a).
Chip layout of the SP8T switch is depicted in Fig. 6.6(b). The SP8T switch is extremely
compact utilizing chip area of 0.126 mm? while the SP8T core with radius =70 pm con-
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Figure 6.7: (a) Chip layout of the RF PCM SP16T switch, (b) Symmetrical unit-cells arrangement.

sumes only 0.0154 mm? area. The SP16T switch layout is shown in Fig. 6.7 and the unit-
cells arrangement is shown in Fig. 6.7(b). The SP16T core has area 0.1 mm? while the
whole SP16T switch has chip area under 0.3 mm?.

The RF input is applied at common RF port RFC which can be routed to any one of
the RF output ports (RF1 to RE8) in case of SP8T switch. The SP16T switch has an input
port REC and 16 output ports RF1 to RE16. The RF PCM switch at the desired routing
port is actuated by applying the amorphous/crystalline pulse between control pad (C1
to C8 in case of SP8T and C1 to C16 in case of SP16T switch) and common GND terminal.

Two different versions of both SP8T and SP16T switches are developed for two dif-
ferent probe pitch dimensions. Optical micrographs of two different SP8T switches are
shownin Fig. 6.8(a) and (b). The switch shown in Fig. 6.8(a) is designed with the control
pads inside the switch periphery to reduce the overall device footprints. While this ap-
proach is excellent for flip chip bonding but not preferred for wire-bonding chip mount-
ing approach. Thus a version with control pads outside of the chip periphery is devel-
oped, which can be integrated using both the chip mounting approaches. The switch
shown in Fig. 6.8(b) can accommodate pitch probe from 80 ym to 150 ym. The chip area
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of the compact SP8T switch is 0.126 mm? including RF ports and bias pads while for the
larger version of SP8T, the chip area is 0.5 mm? excluding the control pads and 0.92 mm?
with the control pads. Control/Bias lines are routed underneath the signal lines to min-
imize any impact of metal in between RF signal gaps. Control/Bias lines are electrically
isolated with the use of a dielectric layer between control lines and RF metal. Inset of
Fig. 6.8 shows a close-up view of PCM switches with junctions fully etched and overlap-
ping micro-heaters. Such precise microfabrication layer alignment is achieved with two
step lithography approach (EBL and UV direct writing) with layer offset characteriza-
tion.

Optical micrograph of the SP16T switch with control pads embedded within the de-
vice area is shown in Fig. 6.9(a). Zoomed-in view of a SP16T switch section and one
of the 16 PCM GeTe-based RF switch monolithically integrated in the switch is shown

QOQOO
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Figure 6.8: Optical micrographs of the fabricated SP8T switches. (a) Compact SP8T with inte-
grated control pads, (b) SP8T switch with control pads outside the chip periphery.
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in Fig. 6.9(b) and (c) respectively. From the heterogeneous integration reason point-of-
view, the switch can be fully integrated to any technology with flip-chip bonding ap-
proach. The SP16T switch consumes less than 0.3 mm? area of the floorplan. A version
of the SP16T switch to accommodate large probe pitch is developed with control pads
outside of the chip area as shown in Fig. 6.10. Increasing the RF port pad size for larger
probe pitch leads to drastic increase in the area of the chip. Although the SP16T core
area is still the same for both switches, but the overall area of the chip is increased from
0.3mm? to 1.4mm? (0.8 mm? excluding the control pads). Due to the increase in RF
signal path length at each port, RF transmission performance impacts.

Due to the symmetrical nature of the design, the RF performance is measured be-
tween ports REC-RF2 and between the ports at opposite ends REFC-RF 4 in case of SP8T.
The isolation is measured between port RFC-RF 3, and also between RFC-RF 5 when the

(a) (c)

Figure 6.9: (a) Optical micrograph of the RF PCM SP16T switch, (b) zoomed-in view a section
of SP16T switch, and (c) zoomed-in view of the RF PCM switches utilized in SP16T switch.

120



CH. 6 — MuLTI-PORT SWITCHES AND SWITCH M ATRICES 6.1. Mutrti-PorT SWITCHES

RF signal is connected between RFC-RF 4. In case of SP167T, the performance is also mea-
sured between ports REC-RF2, and between the opposite end ports RFC-RF8. Due to
the design symmetry, the RF performance is identical. To measure the devices on an
on-wafer two-port RF probe station, on-chip port extensions are added and rotated to
align at 180° angle (not shown in optical micrographs). Any RF loss from port extension
measurements are deembedded. The EM simulated and measured RF performance of
the SP8T and SP16T switches is shown in Fig. 6.11 and in Fig. 6.12 respectively.

The RF performance of the SP8T switch is measured over DC to 40 GHz while the
SP16T switch is measured over DC to 15 GHz as due to a slight overdevelopment of the

cUC2l s c i co i coc7cs)

SP16T Core
r=200 um

Figure 6.10: Chip layout and optical micrograph of the RF PCM GeTe-based SP16T switch.
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Figure 6.11: Measured and simulated RF performance of RF PCM SP8T switch. Due to the sym-
metrical nature of design, RF performance is shown for two different ports RF2 and RF4 while
input is connected at RFC port.

RF metal layer during lithography step in microfabrication of a wafer portion containing
SP8T and SP16T switches, the PCM junction lengths became few nanometer wider than
expected. Increase in PCM lengths leads to improvement in isolation but on the other
hand slight degradation in insertion loss at higher frequencies. The SP8T switch exhibits
measured insertion loss better than 1.5dB and isolation higher than 20dB from DC to
40 GHz while the EM simulations shows insertion loss less than 1.1 dB and isolation
better than 20 dB. Measured return loss is better than 18 dB and simulated return loss is
higher than 20 dB over DC to 40 GHz.

The SP16T demonstrate measured insertion loss lower than 1.7 dB, isolation better
than 26 dB and return loss higher than 12dB. The EM simulated response show inser-
tion loss less than 1.1dB, isolation higher than 24 dB and return loss better than 17 dB
over the frequency range DC to 15GHz. The RF performance of the SP16T switch is
limited in terms of frequency range due to the larger core radius (3x larger than the
SP8T core) as well as CPW transition lengths to accommodate larger probe pitch. Inser-
tion loss increases abruptly beyond 16 GHz. The bias lines routed underneath the larger
version of SP16T switch creates capacitance resulting in degraded performance. The RF
performance described is of the larger versions of SP8T and SP16T switches.
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Figure 6.12: Measured and simulated RF performance of RF PCM SP16T switch. RF performance
is shown for two different ports RF2 and RF 8 while input is connected at REC port.

6.2 RF PCM Switch Matrices

Switch matrices has some niche use case scenarios in test equipment and communi-
cation systems for reconfigurability. SPNT switches and switch matrices are used for
signal routing, but SPNT switches lack full reconfigurability as these switches only al-
low routing signal applied at one common to port to any available desired output port.
Switch matrices on the other hand offer signal routing between any two ports and de-
pending on the intended functionality, some switch matrices can route multi inputs to
any output port. Switch matrices pose tremendous challenges in terms of design and
optimizing the RF performance. Apart from few standard switch matrix configurations
like crossbar switch matrix or T-type switch, majority of the switch matrices do not offer
one-size-fits-all functionality. Switch matrices are rather fully custom designed to meet
certain specifications for intended applications. Some applications might need full re-
configurability with minimum chip size with reasonable RF performance, while some
are required to be used for system redundancy to route signal in case of a device fail-
ure. In this chapter, various switch matrix configurations are presented ranging from
a scalable 2 x 2 scalable switch matrix for device selector application, a monolithically
integrated miniaturized T-type switch, 4 x 6 redundancy switch matrix to 4 x 4 crossbar
switch matrices for mmWave applications. A full custom 16 x 16 crossbar matrix is also
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developed for low frequency applications.

6.2.1 2x2 Scalable Switch Matrix

A PCM GeTe-based four-port scalable miniaturized switch unit-cell is developed to have
only two states of a T-type switch. The four-port scalable switch unit-cell itself provides
the functionality of a 2 x 2 switch matrix functionality. The objective of this switch unit-
cell is to minimize the number of SPST switches that the RF signal passes through in
each case. The device offers scalability to m x n switch matrix by stacking the unit-cells
in a certain order. The RF performance of the unit-cell is measured over DC to 26 GHz
demonstrating excellent RF performance between all possible signal paths.

V+ V+
1,3 2,4
Control Pads Control Pads
V+ V+
2,4 1,3

Unit-Cell

Metal 1 . Heater . Barrier Q PCM . Via . Metal 2 o

Figure 6.13: Chip/Die layout of the miniaturized scalable RF PCM-based four-port switch unit-
cell highlighting various layers and RF ports.
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6.2.1.1 Design and Operation Principle

The chip layout of the miniaturized switch unit-cell is shown in Fig. 6.13. The device is
developed using Gen 2 microfabrication process discussed in section 4.1.4. Control sig-
nals to the respective PCM switches is provided by the bias pads. RF ground is shared
with DC ground as GND signal. There are four RF signal paths to route the signal between
them. The switch unit-cell has two operational states and four RF signal routes as shown
in Fig. 6.14. The switch unit-cell is designed with 6 RF PCM SPST switches (2, B, C, D, E,
and F') monolithically integrated with individual control pads for providing actuation
pulse signals. The switches can be actuated by respective control pads as given in Ta-
ble 6.1. The switch unit-cell is optimized to have compact device footprints and to have
a minimum of one or a maximum of two RF PCM SPST switches in signal path to mini-
mize the insertion loss. The RF signal paths are fabricated utilizing M2 layer of the Gen
2 microfabrication process. The signal connects to M1 layer close to the PCM switches.
This allows minimizing the RF loss by utilizing a thin M1 layer to precisely control PCM
junction dimensions, while the signal lines can be made of a slightly thicker M2 layer.
M2 layer can also be electroplated to further improve the RF performance.

In state-I, ports RE1-RF4 (Route I;) and ports RE2-RF3 (Route ;) are connected
while in state-II, ports RE1-RF 3 (Route I3) and ports RF2-RF4 (Route 1) are connected.
The unit-cell thus allows routing the signal available at input side ports to any output
side ports. Unconnected signal paths can also be used to take advantage of the available
capacity of the device. Simultaneous signal routing is one of the neat features some
switch matrices. While the chip layout is not symmetrical, the RF performance remains
closely identical in both combinations.

The overall device size is 1 mm x 0.8 mm including CPW ports and control pads. The
core of the switch excluding the bias pads is just under 0.75mm x 0.8 mm. The Gen 2

Route Connection Switches Control

|
|
(P . 4 1 1=, —i
| I; RFl1SRF4 A V+ 1,4
D 3 | 2=t i3 I, RF2 < RF3 F V+2,3
: I3 RF1 < RF3 B, E V+1,3
State I | State 11 Iy RF2 & RF4 D, C V+24

Figure 6.14: Two operational states of switch  Table 6.1: Operational states of the RF PCM-
unit-cell with an option to extend the func-  based four-port switch unit-cell with relevant
tionality of an additional state. switches and control signals
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Figure 6.15: Optical micrograph of 2 x 2 switch matrix unit-cell fabricated using Gen 2 micro-
fabrication process.

microfabrication process utilized in developing the switch unit-cell allows monolithi-
cally integrating planar RF circuits like filters, resonators and lumped components to
get reconfigurability, thus making this design approach an attractive choice in terms of
overall device size and performance. The optical micrograph of the fabricated scalable
switch unit-cell is shown in Fig. 6.15.

6.2.1.2 RF Performance Measurement

The RF PCM GeTe-based four-port switch unit-cell is simulated to optimize the RF per-
formance. Apart from the RF SPST switches used in the unit-cell for signal switching,
the cross-over junction plays a crucial role on the RF performance of the switch unit-cell.
The cross-over junction induces capacitance due to a thin dielectric between two metal
layers M1 and M2. The junction is optimized using EM simulator and the RF perfor-
mance of the cross-over junction including cross-coupling is shown in Fig. 6.16(a). The
cross-over junction provides return loss better than 26 dB and cross-coupling better than
30 dB when all four ports are connected. Insertion loss is lower than 0.15dB.

The OFF-state isolation of the switch is measured between various ports in all possible
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Figure 6.16: (a) Simulated RF performance of the cross-junction with RF signal flowing between
port RF1 to RF3 and RF2 to RF4, (b) Measured OFF-state isolation between various ports of PCM-
based four-port switch unit-cell from DC to 26 GHz in all possible combinations.

combinations depicted in Fig. 6.16(b). Isolation is higher than 20 dB in any possible RF
signal path that is in OFF-state. Certain RF signal paths, which are completely isolated
such as when signal is passing between RF1 and RF4, while the isolation is measured
between RF1 and RF3 (route I; of State-I, when only switch A is activated, and all other
switches are in OFF-state) or RF2 and RF4 ports demonstrate higher isolation than some
combinations. Isolation measured between RF2 and RF3 or RF1 and RF3 is better than
30dB. Higher isolation is possible to achieve by including two switches per path, which
is required in case the device implementation is scaled to a higher number of ports.

Measured RF performance of the switch unit-cell in ON-state is shown in Fig. 6.16(b)
and 6.17. The return loss is better than 18 dB in all possible combinations. Insertion
loss is lower than 0.75dB in State-I and less than 1.4 dB in State-II from DC to 26 GHz.
Measured RF performance of the RF PCM SPST switch utilized in the unit-cell is also
shown for reference in Fig. 6.17. In State-II, the insertion loss is higher than that of State-
I due to the utilization of two switches per path along with cross-over junction and two
90° CPW discontinuities.
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Figure 6.17: Measured ON-state RF performance of PCM GeTe-based four-port switch unit-cell
over DC to 26 GHz in all possible combinations.

6.2.1.3 RF Device Selector Application

The switch unit-cell shown in Fig. 6.13 is implemented using four RF PCM SPST switches
in the cross-connection State-II, which in turn helps to improve the operating bandwidth
for the switch unit-cell. Excellent RF performance over a wideband DC to 26 GHz is
achieved. The same functionality can be obtained with the use of only two switches in
the State-II. This in turn reduces the operating frequency range of the switch cell, which
may be reasonable enough for many applications. Fig. 6.18 illustrates the schematic of
the wide-band and narrow-band implementation of the unit-cell.

To illustrate the benefits of using such switch unit-cell, consider the application of
having a switchable device (dual band-reject filter) which only requires the use of a

RF1 = N -: y/ & RF4 RF1 = -: & RF4
B AL 4C \>(
D ¥/ \XE B ¥/ XC
RF2 = /_I;_\ a RF3 RF2 = /_Il)_\ & RFE3
WideBand Switch Unit-Cell NarrowBand Switch Unit-Cell

Figure 6.18: Number of switches in the four-port switch unit-cell for narrowband and wideband
application.
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Figure 6.19: Traditional approach to device selector reconfigurability by using back to back
cascaded multi-port switches. Adding an additional bit requires cascading two more SPDT
switches.
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Figure 6.20: Switch unit-cell in a switchable band reject filter application to reject either an indi-
vidual frequency or rejecting both the frequencies offered by band stop filters. The RF signal can
be routed without rejecting any frequency band at all.

SP2T SP2T

narrow-band switch unit-cell. Fig. 6.19 shows a traditional approach to achieve a switch-
able dual-band filter using four SP2T switches connected back to back with two trans-
mission lines in which the RF signal can pass/bypass two band-stop filters connected
in cascade yielding four possible states (rejection at f; only, f, only, f; + f2, or no rejec-
tion). The disadvantage of this approach is that the RF signal has to pass through four
SP2T switches (four SPST switches, assuming SP2T switches have one switch per path)
in each state. Alternatively, the same functionality can be achieved using the developed
switch unit-cell as shown in Fig. 6.15.

Using the narrow-band implementation approach, the RF band-stop filters can be
connected to [; and I, paths as shown in Fig. 6.20. Frequencies f1, f, or f; 4+ f, can be
rejected from the RF signal by actuating respective switches in desired signal path as
given in Table 6.2, or the signal be be routed from input to output without rejecting any
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Table 6.2: Switches require to reject appropriate frequency band

Switches
Frequency Band Reject A B C D
None OFF ON OFF OFF
fi ON OFF OFF OFF
f2 OFF OFF OFF ON
fi+ f OFF OFF ON OFF

frequency. The advantage of such approach is to reduce the overall device size and im-
prove the RF performance by limiting the number of switches per path. The advantages
become even more pronounced when dealing with switchable multi-band reject filters

with a large number of channels.

6.2.1.4 Scalability to Higher Order Matrices

The miniaturized PCM GeTe-based unit-cell offers scalability to higher order matrices
through cascading the unit-cells and adding intermediate connections as demonstrated
in Fig. 6.21. A unit-cell has only 6 SPST switches in case of wideband operation. A 4 x 4
switch matrix can be constructed by 6 unit-cells and a 8 x 8 switch matrix require 20
unit-cells. In comparison with popular crossbar switch matrix topology, RF signal de-

2x2 Unit-Cell

RF Inputs

RF Outputs

4x4 Switch Matrix

HELE

Figure 6.21: Scalability to higher order switch matrices utilizing 2 x 2 unit-cells.

130



CH. 6 — MuLTI-PORT SWITCHES AND SWITCH M ATRICES 6.2. RF PCM SwitcH MATRICES

grades in the longest path. 8 x 8 crossbar switch matrix require at least 15 cascaded
SPST switches while only 10 switches (5 switches in case of narrowband operation) are
required in the worst case scenario using the topology shown in Fig. 6.21. Higher order
switch matrices developed utilizing unit-cells reduces the number of SPST switches re-
quires as the order of the matrix increases. A 8 x 8 matrix provides 33% reduction in
number of required switching elements compared to a common crossbar topology.

6.2.2 Reconfigurable Band Rejection Utilizing 2 x2 Switch Matrix

Based on the implementation approach of the scalable 2 x 2 switch matrix shown in
Fig. 6.20, a miniaturized monolithically integrated reconfigurable band reject filter cir-
cuit is developed utilizing four-port switch unit-cell to selectively reject RF response be-
tween input and output port at two different frequencies. Two SP2T switches are con-

Resonator 1

Resonator 2 s
=" Cross-over

Figure 6.22: Optical micrograph of a PCM GeTe-based reconfigurable band reject filter utilizing
four-port switch unit-cell.
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nected back-to-back and as a proof of concept, two resonators provide frequency band
rejection at two different frequencies.

Optical micrograph of the fully integrated circuit is shown in Fig. 6.22. Inset shows
close-up view of a miniature PCM GeTe-based SP2T switch and an RF optimized cross-
over junction, which allows simultaneous RF signal flow while providing reasonable
isolation between two signals. The unit-cell utilized in this circuit is developed for wide-
band approach. The four-port unit-cell has four control pads to actuate any one of the
6 available switches for routing the signal. The integrated circuit shown in Fig. 6.22 has
10 control signal pads due to the added SP2T switches. The truth table of the device is
given in Table 6.3. RF and DC ground is common.

The PCM-based SP2T switches integrated in the circuits are of 76 ym x 76 ym. The
cross-over shown in an inset of Fig. 6.22 also measures 76 ym x 76 ym. The band re-
jection circuit is developed utilizing Gen 3 microfabrication process. RF paths are opti-
mized for improved RF performance than the unit-cell shown in Fig. 6.13. Micro-heaters
bias lines are replaced with a conductive metal layer to improve the RC time constant of
the switches.

The resonators connected in shunt with RF signal paths provide band rejection at f;
= 2.6 GHz and f, = 5.8 GHz. RF signal can be routed through the available four states
of the circuits. State 1 rejects f; and routes the RF signal through 3 SPST switches and
State 2 provides signal rejection at f, while keeping identical performance to State 1.
State 3 includes rejection at f; 4+ fo. To achieve this functionality, the RF signal routes
through resonator 1 followed by an SPST switch, cross-over junction and a second SPST
switch before adding the response of resonator 2 to the signal path. In case of state 3,
an additional switch and cross-over junction reduces the return loss at f, band. State 4
bypasses both resonators and routes signal from RF input to output without rejecting
any frequency band. The resistance of the inductors is reduced by adding M1 layer in
parallel to M2.

Table 6.3: Truth table of integrated reconfigurable band rejection circuit

Device Frequency Actuation Pulse to be applied at

Stater Band Reject C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
State 1 fi 10 1 0 1 0 0 0 0 O
State 2 f2 o 0o 0o o o 1 0 1 0 1
State 3 fi+rfo 11 0 0 0O 0O 0 0 1 1
State 4 None o o o 1 1 1 1 0 ©0 0
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Figure 6.23: Measured and simulated RF response of fully integrated PCM-based reconfigurable
band rejection circuit.

The measured and simulated RF performance of the band rejection circuit is shown in
Fig. 6.23. Measured results match closely with the EM simulated RF response. Return
loss at f, is higher than that is seen at f; in state 3 response. Due to the thin metal
layer, on-chip lumped elements do not offer high quality factor. Low-Q of the resonators
contribute to the inherent loss of resonator and the sharpness of the of stop band. In
state 4 when the RF signal routes to output port bypassing both resonators, shows less
than 2.2 dB insertion loss and better than 19 dB return loss over 7 GHz bandwidth.

A 2-bit device selection shown in Fig. 6.22 proves the potential of a 2 x 2 scalable
switch unit-cell to utilize in any switchable RF device. Resonators can be replaced by
higher order filters, antennas, delay lines, resistor networks to name a few. The ease in
scalability of the unit-cell allows developing a 4-bit device selector with only 6 unit-cells
and 8-bit device selector with 20 unit-cells as shown in Fig. 6.21.
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6.2.3 Miniaturized DC-67 GHz T-type Switch Unit-Cell

The unit-cell presented in previous section provides signal routing with two operational
states. The limitation of the four-port unit-cell shown in Fig. 6.13 is the unavailability of
signal routing from RF1 to RF2 and from RF3 to RF4. A T-type switch addresses this
routing limitation. T-type switch is a four-port RF device, which performs signal routing
from any two input ports to the remaining two output ports. The T-type switch has
four ports with six signal paths and three operational states providing higher degree of
flexibility for redundancy networks. A monolithic PCM based compact T-type RF switch
is developed for mmWave switch matrix applications.

6.2.3.1 Device Design and Operation

The T-type switch offers three operational states for signal routing as shown in Fig. 6.24.
A minijaturized PCM GeTe-based T-type switch is developed with 12 PCM SPST switch
arranged in a way to have 6 possible RF paths for signal routing. Any two ports can
be connected by biasing the respective PCM switches in signal path. The T-type switch
design is optimized to have very small device periphery and to have only 2 SPST switches
in any given signal path to minimize RF loading, hence expanding the frequency range
of operation.

The presented T-type switch is shown in Fig. 6.25 with overall device periphery under
0.55mm x 0.55 mm including CPW RF ports and biasing pads for measurements, while
the core area of the T-type switch is highly miniaturized to only 0.23 mm x 0.23 mm.

4 : 4 : 4
| | | |
| |
: | . I
e I ¢.. | \
] — — 3 : 1— —3 | 1 > 3
: | |
| |
| | | |
| [
2 | 2 [ 2
State I State 11 State II1

Figure 6.24: Three different operational states of a T-type RF switch. RF performance of the state
I and Il is identical due to the design symmetry.
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Figure 6.25: Chip layout of the monolithically integrated compact RF PCM-based T-type switch.

Three PCM SPST switches are arranged in a way to minimize any RF reflections from
additional signal line lengths. The RF crossover is optimized to reduce RF coupling
between two signal paths. A common bias pad for state II is designed targeting the
reduction of overall device area. The SPST switches for state II are biased in a way to
allow their simultaneous actuation.

In state I, ports RE1-RF4 and ports RF2-RF 3 are connected while in state II, ports
RF1-RF2 and ports RF3-RF4 are connected. Due to the symmetrical design of the T-
type switch, the RF performance remains the same in state I and II. State III connects
ports RF1-RF 3 and ports RF2—-RF 4. Previously reported Gen 2 microfabrication process
based PCM T-type switch [96] had tungsten (W) based micro-heaters and bias lines
for providing thermal actuation pulses. The bulk resistivity of the micro-heaters was
optimized in the microfabrication process reported in [96] to minimize the resistance
of the long bias lines, but using a lossy metal for long bias lines still adds additional
resistance increasing the time constant. A better alternative is to add a conductive path
for long bias lines. An improved version of the T-type switch is developed using Gen
3 microfabrication process on sapphire substrate. The reported tungsten micro-heaters
have higher resistivity than the bias lines. A highly conductive metal ‘Ag’ is used as a
bias split layer. In the switch shown in Fig. 6.25, via openings are etched around contact
pads to minimize any pad inductance.
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The optical micrograph of the reported T-type switch is shown in Fig. 6.26, highlight-
ing the overall device size. The 90-degree bends and the RF cross-over junction are op-
timized for wide band operation. The T-type switch is developed using twelve RE-PCM
SPST switches with dimensions: length of PCM channel (I;) = 0.6 pym, width of PCM
channel (ws) = 8 um, length of micro-heater (I;) = 10 pym, and width of micro-heater
(wy) = 1.5um. Generally, the minimum feature size achievable by UV lithography is
limited to 1 pm thus, 100 kV electron-beam lithography has been used in the fabrication
process, which provides resolution as small as few nanometers. As we have previously
reported [86], developing precise switch junctions and fabrication layers alignment is
crucial for PCM switches, which is not achievable using contact-based UV lithography.
Use of electron-beam lithography made it possible to attain the desired alignment which
is crucial in case of multi-port devices, thus improving the yield. RE-PCM switches uti-
lized in T-type switch are shown in Fig. 6.26. Fig. 6.26 (b) shows the 3D rendered view
of the PCM switch (passivation layer is not rendered to highlight the switch junction

00000 EEEEE
o o o =

. Micro (4]
s, Heater . PCM
" Channel

Coo (e) St

Figure 6.26: RF PCM-based T-type switch: (a) Optical micrograph of the fabricated T-type switch
developed on sapphire substrate, (b) 3D rendered view of a single RE-PCM SPST switch, (c)
Optical micrograph of RF-PCM SPST switch (d) SEM micrograph of SPST switch junction high-
lighting the RF signal flow path, and (e) SEM micrograph of a close-up view of PCM channel
highlighting perfect micro-fabrication alignment of the Au contacts over micro-heater.
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for better understanding). The shaded portion in Fig. 6.26 (a) is expanded into an op-
tical micrograph in Fig. 6.26 (c) displaying the RF-PCM SPST switch. The SEM micro-
graph in Fig. 6.26 (d) shows the PCM SPST switch junction highlighting the RF signal
flow direction and, a close-up view of PCM channel is revealed in the SEM micrograph
shown in Fig. 6.26 (e). Fig. 6.26 (d) and (e) highlight perfect alignment of layers in the
micro-fabrication process. SPST switch dimensions are shown in Fig. 6.26 (d) and (e)
respectively.

6.2.3.2 Thermal Crosstalk

Due to the dense integration of the PCM-based T-type switch, thermal crosstalk need
to be addressed. Thermal crosstalk in closely packed RF SPST switches is investigated
experimentally using non-invasive thermoreflectance based transient thermal imaging
technique, which allows investigating the heat distribution and hot-spots at sub-micron
spatial resolution with nano-second transient response as reported in chapter 5. Based
on the experimental thermal crosstalk measurements, the multi-port T-type switch con-
sists of 12 PCM SPST switches arranged in a close proximity to reduce the overall device
footprints and also designed at a safer distance from one another to avoid any poten-
tial switch damage that might occur from providing from more than rated bias signals.
Latching nature of GeTe material allows integrating multiple switches in a close proxim-
ity to develop highly miniaturized multi-port switches and switch matrices. Based on
the thermal imaging, the PCM SPST switches are designed at least 40 ym apart in the
switch matrix and T-type unit cell.

6.2.3.3 Performance Optimization of CPW Discontinuities

The T-type switch is a complex microwave system thus designing and optimizing the RF
performance especially for millimeter wave applications is a challenge. Apart from PCM
SPST switches, the T-type switch shown in Fig. 6.25 consists of 90-degree bends, four
port RF cross-over to simultaneously route RF signal without inducing any coupling,
bias lines to provide control signals, interconnects to connect metal layers and routing
micro-heaters. Dielectric layer between PCM and micro-heaters (MO0) is extremely thin,
thus routing induces capacitance to RF signal line. To avoid capacitive coupling, M2
layer is utilized for signal routing. 90-degree bends are optimized for having 2, 3 or 4
bias lines crossing without interfering with the RF signal.

The RF cross-over junction is the most critical component in T-type switch design.
The cross-over is designed and optimized to get near ideal RF matching while maintain-
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Figure 6.27: EM simulations of the return loss, isolation and insertion loss of cross-over junction
and the impact of conductive bias lines routed under 90° CPW bends.

ing reasonable RF signal loss. The cross-over junction has functionality to allow two RF
signal paths from ports RF2-RF4 and ports RF1-RF 3 simultaneously. The dielectric be-
tween two metal layers create a large capacitance between two signal lines whose effects
are pronounced at millimeter-wave frequencies. The design of the junction is carefully
chosen to provide decent RF performance from DC to 67 GHz frequency range. This
design also eliminates the need of having air bridges, as the RF ground planes are con-
nected through ‘M3’ layer.

CPW discontinuities including 90° bends and cross-over junction are optimized for
wideband operation. Fig. 6.27 shows the EM simulation of the return loss, isolation and
insertion loss of the RF cross-over junction and 90° bend with number of bias lines routed
underneath. The RF crossover is simulated as a four-port network connecting ports R 1—-
RF 3 and ports RE2-RF4. Return loss is better than 26 dB while isolation between ports
is better than 37 dB from DC to 67 GHz. Insertion loss is better than 0.14 dB throughout
the frequency range. The 90° bends are simulated and optimized for the case of 2, 3, and
4 conductive bias line crossing, providing return loss better than 34 dB and insertion loss
less than 0.08 dB.

6.2.3.4 RF Performance Measurement

Fig. 6.28 reports the simulated and measured RF performance of the developed T-type
switch from DC to 67 GHz. Similar RF performance is observed in state I and state II
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Figure 6.28: Measured and simulated RF performance of RF PCM-based T-type switch over DC
to 67 GHz. Multiple isolation measurements represent the RF performance from different states
and combinations.

due to the design symmetry. In both of these states, the device exhibits remarkable RF
performance with insertion loss lower than 1dB and return loss better than 17 dB from
DC to 67 GHz. State III also exhibits similar RF performance to state I and II with the
exception of insertion loss, which is slightly higher in this case. The measured results for
state III demonstrate a return loss better than 18 dB, insertion loss less than 1.6 dB from
DC to 67 GHz and loss less than 1 dB over DC to 30 GHz. Isolation between the remain-
ing unconnected ports is more than 26 dB in all states. While the PCM SPST switches
have poor isolation due to the narrow channel in signal path, the miniaturized T-type
switch has 2 SPST switches per path, offering better isolation up to 67 GHz.

6.2.4 Monolithically Integrated DC-60 GHz 4 x6 Redundancy Switch
Matrix

In a typical satellite payload system, hundreds of RF switches are used in the form

of switch matrices to provide system redundancy for maintaining full functionality by
rerouting the signal to spare receivers in case of any malfunction of one of the receivers.
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Figure 6.29: A 4 x 6 redundancy system utilizing two switch matrices using six receivers with
two of these receivers are used as spare. This figure illustrates the signal routing functionality of
the switch matrices in case of failure of two receivers ‘D3” and ‘D5’

The 4 x 6 redundancy switch matrix presented in this section allows continuous sys-
tem operation even if any two of the receivers fail. The redundancy matrix, up to a
certain extent, also covers for any SPST switch failure in a signal path. For example, if a
switch between ports RF1-RF 9 fails, signal can be routed through ports RF1-RF10 and
if the receiver connected to port RF9 fails, the same path from port RF1-RF10 can be
used to maintain full system functionality. The configuration of the redundancy switch
matrix is shown in Fig 6.29, and the layout of the presented 4 x 6 redundancy switch
matrix is shown in Fig. 6.30. The redundancy matrix is based on T-type switch shown
in Fig. 6.25 as a basic building block. The overall size of the redundancy switch matrix
is 0.88 mm x 1.1 mm including CPW ports and bias pads. Bias pads can be routed to-
wards the side for ease of wire-bonding. The device measures 0.4 mm x 1.1 mm without
the bias pads. Ports RF1 to RF 4 serve as RF input ports and ports RFS to RE10 act as RF
output ports.

The redundancy switch matrix offers the functionality of routing signal from any
input port to any output port. In general, input is routed to output ports as per state
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III of the T-type switch. Ports RF1-RF' 9, RE2-RF8, RF3-RF 7, and from RF 4-RF 6 follow
state III operation, which has only two SPST switches per path and a crossover junction.
In case of a malfunction of any connected receiver, signal can be routed as per state I
and II, with ports RF1-RF10, RF2-RF9, RE3-RF8, RF4-RF7 connected as per state I
and ports RF1-RF8, RF2-RF 7, RF3-RF 6, and RF4-RF5 connected as per state II. State
I and II have four switches per path, due to the cascaded T-type switches and two 90°
bends per path with an exception of ports RE1-RF10 of state I and RF4-RF5 of state II,
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Figure 6.30: Layout of the miniaturized monolithically integrated PCM GeTe-based 4 x 6 redun-
dancy switch matrix developed using cascaded T-type switching unit-cells. Schematic repre-
sentation shows symbols of four T-type switches arranged in order to develop a 10 port switch
matrix.
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that have only two switches per path, and only one 90° bend in the signal path. At any
given time, for redundancy applications, the maximum number of switches from input
to output does not exceed more than four.

Fig. 6.29 illustrates the use of T-type switches in redundancy switch matrices. In case
a receiver becomes non-functional (e.g. ‘D3’ or ‘D5’), the switches can be reconfigured
to route the input signal through spare devices ‘D1’ or 'Dé’". It should also be noted that
while C-type or R-type switches can be employed to realize similar functionality of the
redundancy switch matrix shown in Fig. 6.29, the number of required C-type switches
to achieve the same redundancy will be significantly higher. On the other hand, R-type
switches lack simultaneous signal routing in state III. Thus, the T-type switches are the
perfect candidate offering the desired signal routing functionality keeping the number
of components to a minimum.

The redundancy switch matrix is designed by cascading four T-type switches re-
ported in the previous section. Cascading the T-type switches makes it challenging to
route the biasing circuit. Bias network is routed in a way to achieve equal RC time con-

*Substrate thickness
not to scale

(c)

Figure 6.31: 3D rendered view of redundancy switch matrix: (a) 3D rendered view of a four-
port RF crossover, (b) Optical micrograph of the RF crossover, (c) 3D rendered view of redun-
dancy matrix highlighting bias split layer, (d) 3D rendered view of 90° bend with two PCM
SPST switches, and (e) Optical micrograph of the 90° bend highlighting M2 to M3 vias, two
PCM switches at the both ends and two bias lines crossing underneath. Optical micrographs
shown are from the microfabrication process based on sapphire substrate.
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stant for switches required per state. Conductive bias lines induce parasitic capacitance
to the RF signal lines, thus, RF signal that is crossing over bias network is routed through
M3 layer. 3D rendered view of the redundancy switch matrix is shown in Fig. 6.31 (c)
that highlights two sub-components of a T-type switch: 90° bend and RF cross-over junc-
tion. Fig. 6.31 (a) shows the crossover junction that allows simultaneous RF signal flow
and fulfils the functionality of state IIl. The optical micrograph of the crossover junction
is shown in Fig. 6.31 (b). Two PCM SPST switches are implemented at the extreme ends
of 90° bend and close to input/output ports of the T-type switch to minimize the RF load-
ing. 3D rendered view of 90° bend is shown in Fig. 6.31 (d) and an optical micrograph of

Switch

100 pm

Figure 6.32: Optical micrograph of the PCM-based monolithically integrated redundancy switch
matrix using cascaded T-type switching unit cells. Insets (a) and (b) highlights the T-type switch-
ing unit-cell and 90° bend with 2 bias lines routed underneath.
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the 90° bend, highlighting two PCM SPST switches at both ends on the bend, bias lines
crossing and M2 to M3 vias are shown in Fig. 6.31 (e). Optical micrographs shown are
from the microfabrication process based on sapphire substrate. Common control signal
connection to a pair of switches only works in case of GeTe as a PCM material, due to
its latching nature. Metal insulator transition (MIT) materials such as vanadium oxide
(VO,), that require constant control voltage, cannot utilize the similar biasing network
approach. Latching nature of PCM switches allow sharing of ground pads for common
actuation nodes.

The optical micrograph of the fabricated PCM-based redundancy switch matrix us-
ing Gen 3 microfabrication process is shown in Fig. 6.32. The switch matrix is designed
by cascading T-type switching unit cells; thus, it exhibits RF performance at par with T-
type switch’s performance. Biasing network routing in the core area of the T-type switch-
ing unit cell is similar to that is shown in Fig. 6.25. Thus, biasing network does not induce
any additional parasitic capacitance to the RF signal paths. Due to the cascaded struc-
tures, the RF performance between ports RE1-RF 9, RF2-RF8, RE3-RF7, and RF4-RF6
is similar to that of state III of the T-type switch as there are only two SPST switches be-
tween these ports. Ports RE1-RF10 and RF4-RF 5 also encounter two RF SPST switches
offering the RF performance similar to the state I and II of the T-type switch. The RF per-
formance is identical between ports RE2-RF 9, RF3—-RF 8, RF4-RF 7, RE1-RF 8, RF2-RF 7,
and RF 3-RF 6, as these paths have four SPST switches, with the theoretical performance
equivalent to that of two cascades T-type switches in state I or in state II.

6.2.4.1 RF Performance Measurement

The RF performance of the integrated redundancy matrix is simulated and measured
from DC to 60 GHz. Due to the symmetrical nature of the structure and cascaded T-type
switching unit blocks, the RF performance is simulated and measured between ports
RF4-RF5, RF4-RF6, and RF4-RF 7. These three combinations reflect similar RF perfor-
mance between other possible routing ports as described. The measured and simulated
insertion loss, return loss and isolation of the redundancy switch matrix is shown in
Fig. 6.33. The loss between ports RF4-RF5 and RF1-RF10 is less than 1.5dB from DC
to 60 GHz and lower than 1dB over DC to 40 GHz, while the loss between port RF4—
RF 6, RE3-RF7, RF2-RF8 and RF1-RF 9 is less than 2.2 dB from DC to 60 GHz and less
than 1.5dB from DC to 40 GHz. Although there are only two switches between these
ports, additional loss is induced by the cross-over junction. Cascaded T-type switches
show higher loss than other paths due to the four SPST switches between ports RF 4—
RF7, RE3-RF6, RF2-RF9, RF1-RF8, RF2-RF 7, and RF3-RF6. Because of the large size
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Figure 6.33: Measured and simulated RF response of monolithically integrated PCM-based re-
dundancy switch matrix over DC to 60 GHz.

of the structure, resonance near 64 GHz was observed in simulation as well as in mea-
surement. Therefore, the results in Fig. 6.33 are only shown up to 60 GHz. Return loss is
better than 20 dB from DC to 40 GHz when port RF4-RF7, RE4-RF 6 and RF4-RF5 are
connected respectively, and greater than 16 dB from DC to 60 GHz when port RF4-RF 6
and RF4-RF5 are connected. Return loss drops to 14dB at 60 GHz for signal routing
between port RF4-RF 7.

Isolation is measured and simulated between non-connected ports. When port RF 4—
RE5 are connected, isolation is measured between port RF4-RF 6, REF4-RF7, RF3-REF5
and RF5-RF 6. With port RF4-RF 6 connected, isolation is measured between ports RF 4—
REF5, RF4-RF7, REF5-RF 6 and RF3-RF7. Isolation is also measured between ports RF4—
RF 8, RF4-RF 6, RF4-RF5, RE3-RF7 and RF5-RF7 when ports RF4-RF 7 are connected.
Isolation is better than 21 dB in all the cases from DC to 60 GHz. Insertion loss can be
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improved by minimizing the PCM channel width (ws), with the trade-off of drop-in
isolation. Additionally, shunt PCM switches can be utilized in conjunction with series
SPST switches to achieve better isolation. On the other hand, adding shunt switch would
complicate the structure further.

The reliability of the switch matrix can be estimated based on the lifespan of the SPST
switch elements used to construct this matrix. The complex 4 x 6 redundancy switch
matrix is comprehensively tested to verify its numerous states. Gen 3 microfabrication
based process reported reliable RF switches, which translates the reliability of the fully
integrated switch matrix.

6.2.5 Ultra Compact RF mmWave 4 x4 Crossbar Switch Matrix

Ultra compact multiport switch matrices are possible using monolithically integrating
PCM GeTe-based switches in crossbar configurations. A common approach towards
switch matrices is to integrate several SPNT switching unit-cells along with m x n inter-
connection network. A 4 x 4 switch matrix using SP4T MEMS switches and LTCC based
interconnect network is reported in [98]. The interconnect network although demon-
strates reasonable RF performance up to 20 GHz, but the fully integrated system limits
the operational bandwidth to 7 GHz only. A monolithically integrated 3 x 3 network is
reported in [99] utilizing front and back side processing of the wafer. Microfabrication
on both sides of the wafer has certain disadvantages such as large overall size, capaci-
tive coupling between transitions, which limits the operational bandwidth with limited
microfabrication process yields. The implementation of SPNT switches becomes chal-
lenging as N increases.

A crossbar architecture switch matrix based on MEMS was reported to provide the
expansion of the system to a large number of RF input and output ports [84 ] with added
benefit of monolithically integrated inteconnect networks. The MEMS-based 3 x 3 net-
work is limited to operational frequencies lower than 20 GHz. Another MEMS-based
4 x 4 switch matrix approach was reported in [30], which utilizes T-type switch with
SP2T switches in a L-shaped topology to minimize insertion loss and phase variation.
Recently, a MEMS-based compact monolithically integrated 4 x 4 crossbar switch matrix
is demonstrated with scalable design [83, 100]. Despite of the excellent RF performance
of the MEMS-based crossbar switch matrices, contact based MEMS switches utilized
in most of the reported switch matrices are not latching type, which require constant
DC power to hold the switching state. Due to the continuous requirement of multi-
ple DC connections to the switches, MEMS-based switch matrices require high resistive
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bias network to reduce DC coupling effects, which significantly increase the switching
time close to sub millisecond range. Packaging and reliability concerns make RF-MEMS
switch matrices less attractive options from implementation standpoint.

The PCM GeTe-based technology offers the flexibility to reduce the overall device
area by dense integration of switching unit-cells. Latching functionality does not require
constant DC power and the developed PCM switches offer switching speed faster than
1 us. Switch unit-cells are developed with two operational states. In this section, an
ultra compact 4 x 4 crossbar switch matrix is presented. Switch matrix architecture is
developed by arranging unit-cells and SP2T switches in a way to provide m x n input
output routing with scalability provision to higher order switch matrices.

6.2.5.1 Scalable Crossbar Switch Matrix Architecture

The scalable crossbar switch matrix architecture shown in Fig. 6.34 consists of an array
of switch unit-cells (SUyy) and SP2T switches (SDy,) connected in a grid pattern to

RFi,

RFi,

RFi,

RFi,

RFj,

RFo; RFo, RFo; e ee RFo,; RFo, T ——

Figure 6.34: Scalable m x n crossbar switch matrix architecture utilizing switch unit-cells and
SP2T switches arranged in a grid pattern to achieve signal routing.
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achieve signal routing. RF signal at any m input (RFiy, RFip, - - - RFi,,_1, RFi;;) can be
routed to any available n output port (RFoy, RFoy, - - - RFo,_1, RFo,,). Cross-over paths
designed in switch unit-cells offer signal routing between two overlapping RF paths.
With the switch architecture shown in Fig. 6.34, a m X n crossbar switch matrix requires
a total of (mn — 1) total cells, with ((m — 1) x (n — 1)) switch unit-cells and ((m — 1) +
(n — 1)) SP2T switches.

6.2.5.2 Crossbar Switch Matrix Unit-Cell

To attain the routing functionality of RF signal at any input port to output port, unit-
cells (SUy,,) are designed to provide two operational states: ‘turn state” and ‘thru state’
as shown in Fig. 6.35. 3D crossbar architecture is extensively used in digital memo-
ries where each cell stores 1 bit information. Crossbar unit-cells with two operational
states are typically implemented using three switches as shown in Fig. 6.35. For mem-
ories or low-frequency applications, a single turn-state switch is sufficient to connect
input/output ports. For high-frequency applications it is required to isolate signal paths
as close to the junction as possible to avoid degrading RF performance.

The PCM GeTe-based crossbar switch unit-cell is designed using four SPST switches
monolithically integrated to satisfy the two operational state requirement. SP2T switch
cell has two SPST switches as shown in Fig 6.36.

Switch configurations of the unit-cell is shown in Fig. 6.37. Unit-cell has four ports
(RF1,RF2,RF3and RF4), three RF paths (one ‘turn’ path RE1-RF2 and two ‘thru’ paths
RF1-RF3, and RF2-RF4). Two ‘thru’ paths can be connected simultaneously due to the

Thru 1

| |
Out 3
| : : Switch _u
| [ \ _L
| | / :
Input — >—— Out 2
l—s.,  —3 ' 1 . 3| N A
s | [ N b N
[ [ Turn S ] -
: : Switch
2 | ) | Out1
Turn State Thru State Crossbar Cell

Figure 6.35: Crossbar switch unit-cell operation states and a typical unit-cell configuration with
three switches.
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cross-over junction. Two PCM SPST series switches (b and c for RE1-RF2) are required
to route signal in ‘turn’ state and only one PCM SPST series switch is required for signal
routing in ‘thru’ state (a for RF2-RF4 and d for RF1-RF3). Switches b and c are con-
trolled using a single control pad by adjusting the pulse amplitude. 3D rendered views
of a four-port PCM GeTe-based switch unit-cell with four SPST switches, and one SP2T
switch cell with two SPST switches is shown in Fig. 6.36. The SP2T cells and crossbar
cells are arranged in a way such that, for a SP2T switch cell (SDy ), RF 3 of SDy, is con-
nected to the next cell’s SD, ,11’s RE'1 port, while RF2 port of the SDy ,, is connected to
RF4 of the switch unit cell (SUy ). Crossbar switch unit cells are also arranged in the
similar manner.

The chip layout and the optical micrograph of the switch unit-cell implemented to
demonstrate ‘turn’ state is shown in Fig. 6.38. RF signal is routed from input to output

!/_ SD.y Switch f
SDy -1 < _L_.__>SD,1 RF PCM 3 RF3  Switche
RF-1 J : RE3 SPST Switch
""" RF2
SUay Vi (epst SR
(a) (b)
Bias Network
SUWLJ/ A Thru Switchas RF4 Turn Switch b
TRF4 ..... . SUx,y 2 X~ Turn Switch ¢
Cross-over-| o I J

RF1IN] )¢ IRF3

Cross-over

(c) (d)

Figure 6.36: Switch unit cells: (a) Schematic of a SP2T switch cell, (b) 3D rendered view of the
SP2T switch cell with two SPST switches, (c¢) schematic and (d) 3D view of the crossbar switch
unit-cell with four SPST switches used in crossbar architecture.
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Figure 6.37: Crossbar switch unit-cell highlighting four SPST switches and signal paths in ‘thru’
and ‘turn’ states.
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Figure 6.38: Chip layout and optical micrograph of a ‘turn’ state implementation using unit-cell.

through a PCM SPST switch and designed beside a cross-over junction to implement a
90° turn. Actuation pulse of 12 V amplitude and 200 ns width is applied between ‘C1” and
‘CM’ pads to turn OFF the switch, and a pulse of 7.8 V amplitude and 1.2 yus width turn
ON the switch. RF PCM SPST switch design dimensions and performance is identical
to the one reported in chapter 4.

6.2.5.3 2x2 Crossbar Switch Matrix

A PCM-based 2 x 2 switch matrix is implemented in crossbar architecture. For m = 2
and n = 2 switch matrix, only one switch unit-cell (SUj ;) and two SP2T switch cells
(SD1 7 and SD; 1) are required as shown in the chip layout in Fig. 6.39. 2-bit function-
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Figure 6.39: Layout of 2 x 2 crossbar switch matrix. All signal routing combinations are high-
lighted to demonstrate fully reconfigurable 2-bit operation of the circuit.

ality of the 2 x 2 configuration is also depicted in Fig. 6.39. Signal routing and control
signal requirement for the 2 X 2 matrix is shown in Table 6.4. 90° bend between two
SP2T switches is implemented on the top metal layer of Gen 3 microfabrication process.
Capacitive coupling from the bias network routed underneath is minimized by optimiz-
ing the CPW discontinuity. Programming a minimum one SPST switch or a maximum
two SPST switches is enough to fully route the RF signal between any available input
and output ports as per the Table 6.4. Two SPST switches in SP2T switch are wired in-
dividually with their respective control pads, while a turn state between RFi;—RFo; has
two switches, which are tied to a single control connection. Actuation pulse amplitude
degrades at the split node, thus 1.5x actuation pulse amplitude is required at control

Table 6.4: Truth table of 2-bit crossbar switch matrix

Route  Signal = Numberof  Control Actuation Pulse
Path Switches Pads Amplitude Multiplier
1 RFi;—RFo, 1 C4,CM 1x
2 RFi,—RFoq 1 C1,CM 1x
3 RFi1—RFoq 2 C3,CM 1.5x
4 RFi—RFo, 2 C2,C5 CM 1x
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Figure 6.40: Optical micrograph of 2 x 2 crossbar switch matrix. Insets show SEM micrographs
of PCM SPST switch and PCM junction at two different magnification levels.

pad ‘C3’ to actuate both switches at the same time. This approach reduces the number
of control pads in switch matrices with large number of input/output ports.

Optical micrograph of the fabricated 2 x 2 crossbar RF switch matrix is shown in
Fig. 6.40. Various metal layers are highlighted in the optical micrograph. Insets show
SEM micrographs of the PCM SPST switch junction at two different magnification levels.
Port names shown in the optical micrograph are patterned using VO layer of the Gen 3
process.

For a pulse generator in which the load impedance is configurable and the micro-
heater’s resistance is communicated to the pulse generator, the delivered pulse ampli-
tude is equal to the amplitude reported by the pulse generator (50 Q) source impedance
and unmatched load impedance, which is an arbitrary micro-heater resistance). Wiring
two switches in a shunt configuration, the total resistance of both the micro-heaters gets
half, thus the resistance need to be translated to the pulse generator for accurate delivery
of control signals. If the pulse generator does not allow changing the load impedance
but to choose from either a 50 Q or high impedance load (typical for most of the sig-
nal generators), the actual pulse amplitude (V}) delivered to the micro-heater can be
computed as:
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v = 2Ru- Vs
pl_Rl—l—Rh

(6.1)

where, R;, is the resistance of the micro-heater, V) is the actual voltage pulse delivered
to one SPST switch, R; is the load impedance of the pulse generator, and V5 is the pulse
amplitude reported by the pulse generator. Typically, R; is 50 0. When two switches are
connected in shunt configuration with a single control pad, voltage (V)) can be calcu-
lated as:

2Rh : Vsource

2R, + R, (6.2)

Vi =
where, V) is the actual voltage pulse delivered to two shunt wired SPST switches using

a single control pad. If the load impedance of the pulse generator (R;) is set to micro-
heater’s resistance (Ry,), then V), can be scaled up as Vi = 1.5 X V1.

6.2.5.4 4x4 Crossbar Switch Matrix

Strategic signal routing feasibility (RF and bias network) allows scaling the switch ma-
trices to higher order utilizing switch unit-cells. Similar to 2 x 2 crossbar switch matrix

RFiy * o O O \ RFiy )O O O

rri, Q) (%) Q Longest RFi, * ‘O 000

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Paths
rri OO0 O e, — Q0O O
v v \7 \7 7 v
RFo; RFo, RFo, RFo, RFo;  RFoy
(a) (b)

Figure 6.41: Signal routing paths of a 4 x 4 crossbar switch matrix highlighting longest paths,
which have maximum number of switches in the signal path.
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Figure 6.42: Optical micrograph of the PCM GeTe-based 4 x 4 switch matrix. Inset shows mag-
nified optical micrographs of SP2T switch elements, impedance matching and capacitance com-
pensation of bias network, and a unit-cell implemented in switch matrix highlighting turn state.

shown in Fig. 6.40, A PCM-based 4 x 4 crossbar switch matrix is developed. The switch
matrix is scaled as per the architecture shown in Fig. 6.21. 4 x 4 switch matrix consists
of nine (m — 1 x n — 1) switch unit-cells (SUy ;) arranged in a 3 x 3 matrix (SUy,1, SU1 2,
-+ SU3zy, SU33) and six (m — 1+ n — 1) SP2T switches (SDy4 1, SDyg5, - -- SDj4) inte-
grated around unit-cells. SP2T switches in a 4 x 4 crossbar configuration accommodate
signal routing from RFi4 to any available output port and/or from any available input
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port to RFo4 output port.

Signal routing paths of a 4 x 4 crossbar switch matrix highlighting longest paths with
maximum number of switches is shown in Fig. 6.41. The presented crossbar switch ma-
trix exhibits a minimum insertion loss in a shortest path RFi;—RFo; with two SPST switch
elements only. Longest paths have maximum of six SPST switches in signal path.

The 4 x 4 crossbar switch matrix is designed with 48 PCM SPST switches distributed
within switch unit-cells and SP2T cells. 36 control pads in addition to ‘CM’ (ground)
pads provides actuation signal to program the respective latching PCM switches to route
the RF signal between any RF input port to any available RF output port. Turn-signal in
switch unit-cell have two switches per path wired to single control pad as described in

previous sections. All the ports can be cross-connected to utilize the switch matrix full
bandwidth.

Optical micrograph of the PCM GeTe-based 4 x 4 switch matrix is shown in Fig. 6.42.
Inset shows magnified optical micrographs of SP2T switch elements, impedance match-
ing and capacitance compensation of bias network, and a unit-cell implemented in the
crossbar switch matrix highlighting turn state. The crossbar switch matrix is highly
miniaturized with overall device size of 0.5 mm X 0.75 mm including RF input and out-
put ports and excluding control pads. With the control pads arrangement depicted in
Fig. 6.42, the device periphery is 0.96 mm x 0.77 mm. This is the smallest crossbar switch
matrix ever reported for mmWave applications.

6.2.5.5 RF Performance Evaluation of Crossbar Switch Matrices

The RF performance of the presented crossbar switch matrices is simulated in EM pack-
ages including Ansys Electronics Desktop (Previously Ansys HFSS), and verified using
Sonnet EM Professional Suite over DC to 40 GHz. Measured and simulated performance
of an unit-cell (SUy ) in “Turn’ state is shown in Fig. 6.43. Measured and simulated in-
sertion loss of a series PCM GeTe-based SPST switch is shown for comparison. A1 x 1
unit-cell, implemented for “Turn’ state operation consists of a single PCM SPST switch
as shown in Fig. 6.38. The RF performance of the unit-cell in “Turn’ state degrades due
to the crossover junction and CPW discontinuities in the RF signal path. The insertion
loss is more prominent at higher frequencies as shown in Fig. 6.43. The measured RF
performance reports less than 0.8 dB insertion loss over DC to 40 GHz. At low frequen-
cies, thin metal films contribute to the losses. The measured return loss is better than
21dB and isolation higher than 26 dB over the entire bandwidth. The unit-cells utilized
in higher order matrices consist of two SPST switches in turn-state to achieve better RF
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Figure 6.43: Measured and simulated RF performance of an unit-cell for crossbar switch matrix
implementation. Insertion loss of a PCM GeTe-based SPST switch is shown for comparison.

matching in ON-state and high isolation in OFF-state. RF performance of 2 x 2 and 4 x 4
crossbar switch matrices is simulated and measured over DC to 40 GHz.

The RF performance of a 2 X 2 crossbar switch matrix shown in Fig. 6.44 follows
route configuration as depicted in Table 6.4. The measured insertion loss is less than
1.1dB in route 1 and 2 while the loss is lower than 1.3 dB and 1.4 dB in routes 3 and 4
respectively as shown in Fig. 6.44. Route 4 is the worst case scenario in a 2 x 2 switch
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Figure 6.44: Measured RF performance of a 2 x 2 crossbar switch matrix over DC to 40 GHz in

all possible routes. Simulation average is shown.
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matrix, as the signal passes through two SPDT switches and 90° with conductive lines
crossing underneath, which contribute to higher loss than other routes. Simulated and
measured return loss is better than 20 dB and isolation is higher than 24 dB in all possible
routing scenarios. Only the simulation average is shown in Fig. 6.44.

The PCM based 4 x 4 crossbar switch matrix as shown in Fig. 6.42 provides 4-bit
routing functionality between input and output ports. Due to the use of unit-cells to
achieve scalability, the RF performance remains similar between certain routes. The RF
performance is measured between 7 unique routes to get minimum and maximum per-
formance limits of the 4 x 4 crossbar switch matrix. The RF signal passes through a
number of PCM GeTe-based SPST switches between input and output ports depend-
ing on the route chosen, thus the RF performance varies depending on the number of
switches per signal route and type of signal discontinuities in the path. Table 6.5 sum-
marizes path configuration and number of switches in signal path. RF performance is
simulated and measured for the routes specified in Table 6.5. Route 1 exhibits the best
RF performance as the signal travels through least number of switches and discontinu-
ities. The measured RF performance of route 1 shows insertion loss lower than 1.2dB
over the entire 40 GHz bandwidth.

Route 1-7 are carefully chosen to depict the RF performance of the crossbar switch
in best, worst and in-between cases. In best case scenario (Route 1), the signal passes
through two PCM SPST switches, one 90° bend and one RF crossover junction. While, in
the worst case (Route 7), the signal is routed between RFi;—RFo, ports, which consists of
6 SPDT switches, one 90° bend and three bias bridges with more than 16 conductive bias
wires crossing underneath bias bridges. Despite of all the signal degradation elements
in the RF path, the switch matrix is designed to exhibit less than 4.2 dB insertion loss in

Table 6.5: Path configuration of 4 x 4 crossbar switch matrix.

Route  Signal No. of No. of Signal Performance

Path Switches Crossovers Discontinuities Remarks

1 RFi;—RFoq 2 1 1 Bend Best Case

2 RFi;—RFoy4 3 3 1 SPDT Junction Good

3 RFi»,—RFo, 4 3 1 Bend, 1 Bias Bridges Good

4 RFig—RFoq 4 3 3 Metal Bridges Reasonable

5 RFi,—RFos3 5 4 1 Bend, 1 Bias Bridge Worse

6 RFiz—RFo, 5 4 1 Bend, 2 Bias Bridges Worse

7 RFi4—RFoy 6 0 6 SPDT, 3 Bias Bridges =~ Worst Case
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Figure 6.45: Measured and simulated RF performance of a PCM GeTe-based 4 x 4 switch matrix
over DC to 40 GHz. RF performance is shown for 7 possible routes, with route 7 exhibiting the
worst case scenario.

worst case. Most of the signal routing combinations show performance with loss less
than 4 dB, measured return loss is better than 18 dB and isolation higher than 26 dB over
DC to 40 dB. EM simulated performance shows a close match with the measured results
with worst case loss lower than 3.2 dB, return loss better than 20 dB and isolation higher
than 26 dB. The difference between measured and simulation insertion loss is due to the
cumulative nature of reversible binary switch loss.

For the first time ever, the PCM-based RF crossbar switch matrix is demonstrated,
which is first of its class capable of providing excellent RF performance on top of latching
functionality, no steady state power consumption, reliable operation with high speed
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reconfigurability in an extremely compact package, which makes the presented crossbar
switch matrix highly attractive choice compared to current state-of-the-art.

6.2.6 PCM-based Scalable Latching Crossbar Switch Matrices for Low
Frequency Applications

Miniaturized higher order monolithically integrated scalable crossbar switch matrices
are developed for low frequency applications. RF switch matrices require careful signal
routing and accurate impedance balancing throughout the RF signal path while taking
care of any capacitive, inductive and/or resistive loading effects. Multi-port RF switch
matrices are highly complex circuits in terms of meeting design specs and performance
criterion. There are tremendous applications, which do not require routing high fre-
quency signals. Based on the crossbar switch matrix discussed in previous sections,
scalable higher order crossbar switch matrices are designed for low frequency applica-
tions. Similar to RF crossbar switch matrices, low frequency (LF) crossbar switch ma-
trices are designed based on cascading switch unit-cells in 2D matrix form. Two distinct
switch unit-cell (UC, ) designs (verl and ver2) are investigated as shown in the layouts
in Fig. 6.46 (a) and (b).

Switch unit-cells (UCy,) are cascaded in both x and y direction to create a m x n
switch matrix. Desired signals are routed through a single PCM switch element con-
nected in a “Turn’ state. Signals are routed between UC, 1, and UC, , 1 path by actu-
ating the PCM switch through the control network Uct, ;. Actuating the PCM switch in
ON-state allows the signal flow from UC, 1, to UC, , 1. When the switch is in OF F-state,
signal flow follows ‘Thru” path between UC, 1, to UC,1, and UC, 1 to UC,, 1.
Switch routing functionality is similar between verl and ver2 of unit-cells.

Optical micrographs of the verl and ver2 switch unit-cells are shown in Fig. 6.46 (c)
and (d). In LF crossbar switch matrices, M1 layer of the Gen 3 microfabrication process
is not used, as M2 and M3 serves both signal paths along with control paths.

6.2.6.1 LF 4x12 Crossbar Switch Matrix

A 4 x 12 crossbar switch matrix is developed having 4 input ports (i1,i2---i4) and 12
output ports (01,02, - - - 012) as shown in the chip layout of the switch matrix in Fig. 6.47.
Two sets of control pads (1,2, - --12and a, b, - - - d) allow programming the desired PCM
switch to route signal between any input port to any available output port. Applying
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actuation pulse between control pads a-1 routes the signal at i1 port to 01 port, c—6 routes
the signal from i3 to 06 port. 4 x 12 switch matrix is designed with 48 verl switch unit-
cells and each unit-cell has only one PCM switch. Control pads provide 48 combinations
to address all the available PCM switches. A 4 x 12 switch matrix demonstrates the easy
scaling possibility of unit-cells into m x n order switch matrices.

Fabricated 4 x 12 crossbar switch matrix is shown in Fig. 6.48. The switch matrix
is highly miniaturized with device area measuring under 0.9 mm? including all the in-
put/output ports and control pads. Utilizing a single PCM switch is not a concern for
low frequency applications, but does not work for high frequency applications, due to
signal reflections and standing waves on unmatched signal lines.

UCtx’er] UCx,y+1 UCtx+1,y A UCx+1’y
A UCtx—l,y UCtx+1,y
UCtx-l,y Uc tx+1,y < >
UC,4, UCny UCeqy oo H UCy

V To next unit-cell
UCtx,y—l UCx,y—l UCtx+1/y v UCx+l,y

Control (b)
Network ‘

PCM GeTe
Stacked VO " Soitch

and V1

(d)

Figure 6.46: PCM GeTe-based unit-cells for low frequency crossbar switch matrices: (a) Layout
of verl unit-cell, (b) layout of ver2 unit-cell, (c) optical micrograph of verl unit-cell, and (d)
optical micrograph of ver2 unit-cell.
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Figure 6.47: Layout of a 4 x 12 DC crossbar switch matrix. Only one PCM GeTe-based switch is
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6.2.6.2 LF 16x16 Crossbar Switch Matrix

For the first time, an ultra compact higher order 16 x 16 crossbar switch matrix is de-
veloped with complete device size under 2mm x 2mm as shown in the optical micro-
graph in Fig. 6.49. 16 x 16 switch matrix utilizes 256 ver2 switch unit-cells cascaded in
2D matrix form. Similar to 4 x 12 matrix architecture, 16 x 16 switch matrix has 16 in-
put ports (il,i1,---i16) and 16 output ports (01,02, --016). Control pads (1,2,---16
and a,b, - - - p) allows programming the PCM switches for signal routing between input

aaee

2 mm X 2 mm

B um Output Ports (01 02

Figure 6.49: Optical micrograph of 16 x 16 crossbar switch matrix for DC or low frequency ap-
plications. 16 x 16 crossbar matrix use 64 PCM switches in 256 ver2 switch unit-cells.
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and output ports. RF devices are typically benchmarked based on their RF performance
measured using S-parameters, the only performance measure for crossbar switch matri-
ces is to measure the resistance between signal paths from input to output. Each PCM
switch provides 1.2 Q) to 1.8 Q series resistance in signal path. Depending on the thick-
ness of metal layers, the resistance of the lines can be ignored for calculations, as the
device size is very compact. 16 x 16 matrix has the shortest and least resistive path be-
tween i1-01 with only 1 switch in path and the longest and worst resistive path between
116-016 with 31 switches in signal path. For an m x n switch matrix, number of switches
between input m and output n are (m +n —1). A 4 x 4 crossbar switch matrix has the
worst case scenario resistive loss of 10 Q (average 1.5 Q switch resistance), and the loss
scales with higher order matrices, such as a 8 x 8 switch matrix has worst case loss of
22 () and 16 x 16 matrix having a maximum loss of 46 (). Various LF crossbar switch
matrix configurations are developed suchas1 x 1,2 x2,3x3,4x4,4x8,4x12,8x38
and 16 x 16. Due to the similar core design of such LF matrices, only 4 x 12 and 16 x 16

Table 6.6: Summary of multi-port switches and switch matrices presented

Device Operation Number of Device
Range Switches Size

SP2T Switch DC -67GHz 2 0.26 mm x 0.26 mm
SP3T Switch DC - 67GHz 3 0.30 mm x 0.30 mm
SP2T / SP3T Core DC - 67GHz 2/3 0.08 mm x 0.08 mm
SP8T Switch DC -40GHz 8 0.40 mm x 0.40 mm
SP8T Core DC -40GHz 8 0.07 mm x 0.07 mm
SP16T Switch DC -15GHz 16 0.60mm x 0.60 mm
2 x 2 Switch Matrix DC -26 GHz 6 1.00 mm x 0.80 mm
Reconfigurable Band Rejector 1 GHz to 8 GHz 10 0.83mm x 0.83 mm
T-type Switch DC - 67GHz 12 0.55mm x 0.55 mm
4 x 6 Redundancy Matrix DC -60GHz 48 1.10mm x 0.88 mm
Crossbar Matrix Unit-Cell DC -40GHz 4 0.12mm x 0.12mm
2 x 2 Crossbar Switch Matrix DC -40GHz 6 0.32mm x 0.32 mm
4 x 4 Crossbar Switch Matrix DC -40GHz 45 0.77mm x 0.96 mm
LF Crossbar Matrix Unit-Cell LF 1 0.11mm x 0.11 mm
4 x 12 Crossbar Switch Matrix LF 48 1.50 mm x 0.60 mm
16 x 16 Crossbar Switch Matrix LF 256 2.00mm x 2.00 mm
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switch matrix configurations are reported in this chapter.

6.3 Summary of Devices

Various RF PCM GeTe-based multi-port switches and switch matrices are reported with
operational frequencies ranging from DC to mmWave range. Except SP2T switch, all the
other devices reported in this chapter are the first demonstration of PCM GeTe-based
devices for RF applications. Table 6.6 summarizes all the devices presented in this chap-
ter.
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Chapter 7

Reconfigurable PCM-Based Passive RF
Components

This section reports the first demonstrations of various reconfigurable PCM-based pas-
sive RF components integrated monolithically. A 6-bit latching switched capacitor bank
is developed utilizing on-chip MIM capacitors with high tuning range in a highly minia-
turized package. MIM capacitor design optimization is discussed to improve the self
resonance frequency (SFR) of the on-chip MIM capacitors. An improved version of 6-
bit switched capacitor bank is demonstrated with more than 40% improvement in SFR
than non-optimized version. An 8-bit rotary switched capacitor bank is designed for tun-
ing reconfigurable circuits requiring inductive tuning behavior at mmWave frequencies.
The rotary design of the capacitor bank allows minimizing tuning variations.

Variable attenuators are used in many applications to adjust the signal levels in vari-
ous RF circuits such as full duplex wireless systems, radar systems, vector modulators to
name a few. A 4-bit PCM-based latching variable attenuator is developed that exhibits
measured attenuation up to 37dB at 28 GHz with 8 GHz bandwidth. Variable atten-
uators are developed using linear broadband mmWave on-chip resistors. A mmWave
scalable variable attenuator is also demonstrated using T-type unit-cells.

Phase shifters are crucial components for electronic beam steering in phased-array
systems. A monolithically integrated loss compensated 3-bit switched 30 GHz true-time-
delay phase shifter is developed for mmWave phase arrays. The phase shifter is devel-
oped using SP3T switches connected back-to-back. A low-loss and loss-compensated

Parts of this chapter are published in [101-103]
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phase shifter is also developed utilizing SP8T switches to reduce the number of cascaded
signal paths. Both phase shifters exhibit minimum loss variation in comparison to the
current state-of-the-art. A 3-bit reflective type phase shifter using mmWave inductor
bank is also reported for the first time.

Finally, utilizing 4-bit capacitor banks, a PCM-based reconfigurable impedance tuner
is reported as a proof of concept. 4-bit capacitor banks are highly miniaturized and fully
integrated in the ground planes of the impedance tuner. This vast library of passive RF
components demonstrate the potential of PCM technology for mmWave applications.

7.1 PCM-Based Capacitor Bank

Reconfigurable RF devices such as impedance matching networks, tunable filters, and
various front-end modules require switched capacitor banks as a key component to pro-
vide tunability [104, 105]. MEMS based capacitive switches used in capacitor banks
require high operational voltage and suffer from reliability concerns due to dielectric
charging effects, microwelding and stiction issues [106].

The emerging RF switches based on PCM technology offer one order higher figure of
merit (FoM) than its semiconductor counterparts including GaN, GaAs, CMOS and InP,
which translates to higher isolation and lower insertion loss of a switching circuit [80].
PCM technology also offers latching functionality due to the non-volatile property of
the GeTe material [85, 86]. Commercially available RE-MEMS based switched capac-
itors [107, 108], and recently reported switched capacitor banks [109-112] based on
RF-MEMS technology operate at lower frequencies with a limited tuning range and are
larger in size. More recently a 4-bit CMOS-MEMS based switched capacitor bank was
published demonstrating a tuning range only from 0.15pF to 1.2 pF [113]. A PCM based
4-bit capacitor bank was reported [114], but it has a very coarse and limited capacitance
tuning ratio of 10:1.

7.1.1 Reconfigurable Latching 6-Bit Digital Switched Capacitor Bank

A highly miniaturized reconfigurable PCM GeTe-based 64-state switched capacitor bank
is presented, demonstrating high capacitance tuning ratio 58:1. It provides a linear
capacitance range from 0.14 pF to 8 pF over 2GHz to 7GHz. The developed capaci-
tor bank is designed to have an extremely small footprint compared to other capaci-
tor banks [109, 110, 113, 114]. The reported fabrication process offers the flexibility to
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Figure 7.1: Schematic of n-bit digital switched capacitor bank utilizing MIM capacitors.

monolithically integrate various planar RF devices [95]. The switched capacitor bank is
fabricated using Gen 3 microfabrication process that includes conductive bias network
to improve the switching speed and also utilizes a thermally conductive dielectric layer
to reduce the switch actuation voltage. To the best of our knowledge, this is the first
implementation of such large capacitance ratio PCM-based capacitor bank in a highly
compact package.

7.1.1.1 Operation Principle of Switched Capacitor Bank

A miniature latching 6-bit digital capacitor bank is designed and fabricated that incor-
porates six PCM GeTe-based SPST RE-PCM series switches. Due to the nature of GeTe as
PCM material, this device offers latching functionality thus eliminating the requirement
of constant DC power consumption. Switched capacitor bank functionality is achieved
using PCM SPST switches which load or unload a metal-insulator-metal (MIM) capaci-
tor connected at the output of SPST switch as shown in Fig. 7.1. The device area is under
0.5mm x 0.5mm including CPW RF port having 150 ym probe pitch and seven control
pads, each measuring 100 pm x 100 pym for providing bias/actuation signal to the six
individual SPST switches as shown in the chip layout in Fig. 7.2. RF ground is shared
with DC ground through V0. The core of the device measures only 0.2 mm x 0.28 mm
for integration, making this device extremely compact in size compared to recently pub-
lished capacitor banks [109-114]. Bias lines provide control signal to micro-heaters for
the actuation of PCM switches. Details of the PCM RF SPST switch are described in
chapter 4.

MIM capacitors are connected in series with the PCM switches. A simplified lumped
circuit model of the capacitor bank is shown in Fig. 7.3. The PCM switches are rep-
resented as reversible binary resistive switches providing resistance between ON-state
(Ron) and OFF-state (Ryf). The PCM switches utilize thin-film refractory micro-heaters
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to provide thermal actuation pulses which also introduce capacitance in the OFF-state
(Cop)- The value of Cpy depends on the width of micro-heater (wy), length of PCM
channel (), length of micro-heater (I},), width of PCM channel (w;), thickness of bar-
rier layer (VO) and choice of barrier layer. Lj;, is the effective inductance of the trans-

Capacitor Bank Core :
i 0.2mm x 0.28 mm

J _____________ ;

Control Pads

MIM Capacitor

]
L

PCM SPST Switch

" Device Size with Pads }
0.5 mm x 0.5 mm

RF Port .

Figure 7.2: Chip layout of a monolithically integrated PCM GeTe-based 6-bit switched capacitor
bank highlighting various layers and control pads.
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( iCPl eeoeoee (CP6 Rys
MIM Capacitor L e

Figure 7.3: Simplified lumped model of the PCM-based 6-bit capacitor bank. PCM switches are
represented as reversible binary resistive switches for tuning elements.
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PCM GeTe SPST Switch

M1 M3 10 pm

S

PCM GeTe-based RF SPST Switch
in series with a MIM Capacitor

100 pm

~

Figure 7.4: Optical micrograph of the fabricated 6-bit latching PCM-based digital switched ca-
pacitor bank. Inset shows optical micrograph of a MIM capacitor in series with PCM switch.

mission line connecting all six PCM switches, while Ly, Lp1, - - - Lpe are parasitic induc-
tances between PCM switches and MIM capacitors (CP1, CP2, - -- CP6). The resistors
Rp1, Rp1, - - - Rpe are associated with respective MIM capacitor losses.

In state ‘1", when all the switches are in OFF-state, this device has a capacitance of
Cp = 0.14 pF due to the combined Cyg in series with MIM capacitor, length of RF line
shared between PCM switches and various associated parasitics. States 2" to ‘64’ are
various combinations of MIM capacitors. State ‘2’ is when PCM switch is actuated to
ON-state introducing CP1 while state ‘64" is when all six PCM switches are actuated to
the ON-state combining capacitance of all the MIM capacitors.

The device presented is developed using Gen 3 microfabrication process as shown in
Fig. 4.11. Metal layers (M2 and M3) are used for RF signal routing, while MO0 is used as
a thin-film resistor for providing actuation signal to individual PCM switches and M1
is a highly conductive metal layer used for routing control connections to the switches,
reducing any resistive effects. Thermally conductive barrier layer is used to reduce the
voltage requirements of the switch.

The capacitor values can be scaled by either changing the dielectric material of the
(VO) layer or by changing its thickness. The capacitor bank is optimized to reduce the
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inductive effect by keeping a consistent spacing between the PCM switches. This com-
pact capacitor bank provides capacitance tuning ratio up to 58:1 with no self-resonance
up to 7 GHz providing measured capacitance range from 0.14 pF to 8 pF.

7.1.1.2 Performance Measurements

Optical micrograph of the fabricated PCM-based capacitor bank is shown in Fig. 7.4.
Control pads (CP1, CP2 - - - CP6) are used to actuate respective MIM capacitors. COM
port is the common DC port for ground connection. Insets in Fig. 7.4 highlight a MIM
capacitor in series with RF SPST switch.

Measured and simulated RF performance of PCM SPST switches used in capacitor
bank is depicted in Fig. 4.18. The switch demonstrates a loss lower than 0.2 dB and iso-
lation better than 30 dB over 2 GHz to 7 GHz. The PCM switches are actuated to the
OFF-state by a pulse of 200 ns width and 12 V amplitude, and to the ON-pulse by a pulse
of 1.2 us width and 7.8 V between ‘COM’ port and respective ‘CP1, CP2 - - - CP6’ ports.

Measured and simulated results are shown in Fig. 7.5. EM simulations are carried
out using Ansys HFSS which are in close agreement with measured results. Out of 64

8 7\ T T ‘ T T ‘ T T T T T \\/L 8 7\ T T ‘ T T ‘ T T T T T T 2

" Simulated DT - Measured ]
LN P I Wl g
v - Rt 4 = E
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@) = 1 O L ]
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1 2 4 8 16 24 32 ! 48 | 64

Figure 7.5: Measured and simulated results of 6-bit PCM-based switched capacitor bank show-
ing linear variation from 0.14 pF to 8 pF capacitance. 9 different states are shown out of a total
of 64 states. Self-resonance is beyond 8 GHz when all the capacitors are switched to ON state
(corresponds to state 64).
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Figure 7.6: Measured and simulated Q-factor of capacitor bank in various states.

states, only few states are measured highlighting extended capacitance range. 9 differ-
ent states are chosen to demonstrate the capacitance tuning range from 0.14 pF to 8 pF.
The smallest capacitor CP1 have 0.25 pF capacitance instead of 0.125 pF. The difference
is attributed to the added parasitic C, from shared CPW line and from V1 vias, making a
0.14 pF the smallest capacitance when all the switches are OFF. Measured and simulated
Q-factor of the capacitor bank for states 3, 8 and 15 is shown in Fig. 7.6. The Q can be im-
proved by increasing the thickness of the gold layers M2 and M3 through electroplating
and by optimizing the thickness of the dielectric layers of the MIM capacitors and their
plate sizes.

7.1.2 Self Resonance Frequency Improvement

Self resonance frequency (SFR) of a capacitor decides the maximum operating frequency.
Generally, SFR drops with increasing capacitance value. As shown in Fig. 7.5, the SFR is
between 8 GHz to 9 GHz range, which limits the higher states of capacitor band operation
till 7 GHz. Capacitors can be made by various techniques but for on-chip MIM capaci-
tors, an easy tweak of inductance shows improvement in SRF along with Q-factor. After
numerous design iterations to improve the SRF, a simple technique for CPW based MIM
capacitors is proposed to cover the ground plane and connecting ground plane around
overlapping capacitance area with vias. It shows improved SRF and Q. Four MIM capac-
itors are fabricated namely C1, C2,C3 and C4 as shown in Fig. 7.7. C1 and C3 are MIM
capacitors with overlapping area 50 ym x 50 ym and C2 and C4 with overlapping are
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Figure 7.7: Optical micrograph of four MIM capacitors. C1 and C3 have similar capacitance
overlapping area, and C2 and C4 has similar capacitance area. C3 and C4 capacitors show im-
provement in SRF and Q-factor.

100 pym x 100 ym. C1 and C2 are commonly used MIM capacitor geometries, while C3
and C4 are MIM capacitors with shielded ground plane connected using array of vias.

Capacitance and Q-factor is measured over frequency as shown in Fig. 7.8. MIM ca-
pacitors C1 and C3 shows capacitance of 1.75 pF and C2 and C4 shows 5.8 pF capacitance
at 1GHz. C1 has SRF at 16.1 GHz and Q of 10.5 while C2 has SRF at 6.8 GHz and Q of
7.3. Capacitors with shielded ground plane have better SRF and Q. Capacitor C3 has
identical capacitance as that of C1, but higher SRF at 21 GHz and Q of 12.6. Similarly,
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Figure 7.8: Measured capacitance and Q-factor for MIM capacitors C1, C2, C3 and C4.
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C4 has identical capacitance as that of C2, but better SRF at 9.5GHz and Q of 8.7. Af;
and Af, shown in Fig. 7.8 represent the difference between low SRF and improved SRF
between two identical value capacitors. Similarly, AQ; and AQ; represents the differ-
ence in Q between low SRF and improved SRF capacitors. C3 shows 30% improvement
in SRF and 22% better Q compared to an identical value capacitor C1. C4 exhibits 40%
improved SRF and 19% higher Q compared to an identical value capacitor C2.

Based on MIM capacitors with improved SRF and Q, a 6-bit PCM based capacitor
bank is developed. The operation and functionality of the capacitor bank is identical
to that of described in previous sections with only difference is MIM capacitor designs.
Optical micrograph of the improved capacitor bank is shown in Fig. 7.9. Fig. 7.9(a) and
(b) show the change in capacitor design, while Fig. 7.9(c) and (d) highlights SEM mi-
crographs of PCM GeTe based switch junctions. Measured capacitance values of this
capacitor bank is identical to that shown in Fig. 7.5 with SRF pushed higher than 10 GHz

100 pm

(©) T

Figure 7.9: Optical micrograph of the 6-bit latching digital switched capacitor bank with high
self resonance frequency: (a). Optical micrograph of a standard MIM capacitor implementation,
(b) Optical micrograph of a high self resonance MIM capacitor, (c) SEM micrograph of a PCM
SPST switch, and (d) SEM micrograph of the PCM junction.
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thus making this capacitor bank operational till 10 GHz. A simple design modification
provides 42% improvement in operation frequency.

7.1.3 Monolithically Integrated 8-Bit Rotary Switched Capacitor Bank

A compact reconfigurable PCM GeTe-based 256-state rotary switched capacitor bank is
presented, demonstrating an inductive behavior with tuning ratio 8.2:1. It provides a
2-bit capacitance range from 110 fF to 360 fF and 6-bit inductive behavior from 38 pH
to 310 pH over 4 GHz bandwidth at 28 GHz center frequency. The developed hybrid
capacitor/inductor bank is designed to have an extremely small footprint. The rotary
switch core allows symmetrical RF performance to the input of the series capacitors,
thus reducing performance variation between states. To the best of our knowledge, this
is the first implementation of hybrid PCM-based capacitor/inductor bank in a highly
miniaturized package.

7.1.3.1 Operation Principle of 8-Bit Switched Capacitor Bank

A miniature latching 8-bit hybrid capacitor/inductor bank is designed and fabricated
that incorporates eight PCM GeTe-based SPST RF-PCM series switches. Due to the na-
ture of GeTe as PCM material, this device offers latching functionality thus eliminating
the requirement of constant DC power consumption. Switched capacitor bank function-
ality is achieved using PCM SPST switches which load or unload high value MIM capac-
itors connected at the output of SPST switch as shown in Fig. 7.10. The device area is un-
der 0.5mm x 0.5 mm including CPW RF port having 150 pym probe pitch and nine con-
trol pads, each measuring 100 pm x 100 pm for providing bias/actuation signal to the

Lli;z
RF Port = —— T T ........ ﬁ
-' -' "} High Frequency
PCM-Based Inductor
SPST Switch _1' —ll ]

L1 L2 Ln

Figure 7.10: Schematic of an n-bit hybrid capacitor/inductor bank. High value MIM capacitors
act as inductors at high frequency. SPST switches load or unloads the desired elements to the RF
signal path.
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six individual SPST switches as shown in the chip layout in Fig. 7.2. RF ground is shared
with DC ground through V0. The core of the device measures only 0.3 mm x 0.27 mm
for integration, making this device extremely compact in size. Bias lines provide control
signal to micro-heaters for the actuation of PCM switches. Details of the PCM RF SPST
switch are described in chapter 4.

High value MIM capacitors are connected in series with the PCM switches. The sim-
plified lumped circuit model of the hybrid capacitor/inductor bank is similar to that of
capacitor bank shown in Fig. 7.3. Due to the circular design symmetry, the presented de-
vice does not have large parasitic capacitance in OFF-state. Two capacitors are designed
with value 50 fF and 200 fF. In state “1’, when all the switches are in OFF-state, this device
has a capacitance of C, = 60 {F only.

Both of the capacitors have SRF beyond 50 GHz which is far off from the operational
bandwidth. Rest of the MIM capacitors are designed with SRF lower than operational
bandwidth such that the operational bandwidth region remains free from resonance
when multiple capacitors are actuated. High value capacitors act as inductors after the

PCM GeTe SPST Switch

100 pm

High Value Low Freq. MIM
Capacitor / High Freq. Inductor

Figure 7.11: Optical micrograph of a highly miniaturized PCM-based hybrid capacitor/inductor
bank. Inset shows PCM GeTe SPST switch and a high value low frequency MIM capacitor which
acts as an inductor at high frequency.
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SRF. Combining all the eight elements, this device provides 2-bit capacitive operation
and 6-bit inductive operation over 4 GHz bandwidth at 28 GHz center frequency.

This design is highly adaptable to adjust capacitor values by easily modifying the
insulator layer between two electrodes of capacitors. This approach keeps the design
compact as designing traditional inductors at high frequency is very challenging due
to unwanted parasitics. SRF of individual capacitors is precisely tuned by changing the
overlapping area between signal and ground plane as discussed in previous section. This
compact device provides 110 fF to 360 fF capacitance and 38 pH to 310 pH inductance at
28 GHz with 4 GHz bandwidth.

7.1.3.2 Simulation and Measurement

The optical micrograph of the hybrid capacitor/inductor bank is shown in Fig. 7.11. In-
set in Fig. 7.11 shows SPST switch connected in series with a high value low frequency
capacitor which acts as an inductor at high frequency. Simulated and measured induc-
tance is shown in Fig. 7.12. 14 states out of a total of 256 are simulated and measured.
Measured capacitance is not shown due to the 2-bit operation. The primary focus of this
hybrid capacitor/inductor bank is on inductors, thus simulated and measured inductor
values are depicted in Fig. 7.12.
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Figure 7.12: Simulated and measured inductance over 26 GHz to 30 GHz. Response of 14 states
are shown out of a total of 256 possible states.
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This hybrid capacitor/inductor bank has many use case scenarios. One of the most
interesting use of this device is in reflective type phase shifters which is discussed in
section 7.3.3.

7.2 PCM-Based Latching mmWave Variable Attenuators

Variable attenuators are commonly used for adjusting signal levels in various RF circuits
such as full duplex wireless systems, radar systems, automatic gain control amplifiers,
vector modulators to name a few [115]. Miniaturized attenuators with high linearity
and precision are highly in demand particularly for mmWave applications [116]. Ka-
band especially at 28 GHz have tremendous applications for 5G wireless communication
systems especially beamforming networks [117].

Variable attenuators are commonly realized using semiconductor elements such as
p-i-n diodes, as these diodes behave as current-controlled resistors at high frequen-
cies [118]. However, their inherent limited power handling, low linearity and high
power consumption degrades their performance, limiting their use for mmWave sys-
tems. MEMS-based devices provide excellent RF performance, linearity and power han-
dling [11, 104, 105, 119], but MEMS usually suffer from reliability concerns such as con-
tact degradation, dielectric charging, beam warping, and micro-welding problems [11,
120]. Novel materials such as metal insulator transition (MIT) vanadium oxide (VO;)
and graphene based variable attenuators have been reported which require constant sup-
ply of DC power [121, 122]. Recently reported PCM GeTe-based RF devices provide
exceptional RF performance for mmWave applications [85-87, 123-127]. Latching na-
ture of GeTe material allows the development of integrated RF devices with zero static
DC power consumption [95-97]. Two scalable variable attenuator implementations are
developed with each having its own pros and cons.

7.2.1 Reconfigurable 28 GHz 4-bit Latching Variable Attenuator

A novel miniaturized monolithically integrated mmWave reconfigurable PCM GeTe-
based 4-bit latching variable attenuator for 5G application is developed. The variable
attenuator is designed using PCM SPDT switches monolithically integrated with four
passive bridged-T resistor network based fixed attenuators to provide wide attenuation
range. The PCM switching units are latching type thus consume no static DC power.
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PCM GeTe SPDT Switch Transmission Line
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Figure 7.13: Schematic of a reconfigurable 4-bit attenuator consisting of SPDT switches and four
attenuator bits (A-D).

The integrated planar resistors are fabricated precisely on-wafer to get wide-band op-
eration at desired 8 GHz frequency band. The presented device is highly miniaturized
with device area under 0.52 mm?. At the centre frequency of 28 GHz, the measured at-
tenuation level varies from 4.7 dB to 37 dB with 16 discrete linear steps. The attenuator
can be reconfigured at a tuning speed of less than 1.2 ys. This is the first demonstration
of a PCM-based reconfigurable attenuator for mmWave applications.

7.2.1.1 Description and Operation of Variable Attenuator

The monolithically integrated PCM-based 4-bit attenuator is designed by utilizing SPDT
switches to route the RF signal through a section of transmission line or through an at-
tenuator section (bit). Four attenuator bits (A-D) are cascaded to form a 4-bit device
as shown in Fig. 7.13. SPDT switches are highly miniaturized utilizing two series PCM-

RF PCM RF PCM
SPDT Switch Y Series Switch

| " Attenuator Attenuator
i Unloaded Loaded
Figure 7.14: Operation principle of attenuator bit loading and unloading: Actuating two SPST
switches in Path 1 deselects the attenuator bit, while actuating two SPST switches in Path 2 selects
the attenuator bit. Attenuator bits (A-D) developed using passive bridged-T resistor network

topology sections with different values of R, and R;.
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Figure 7.15: Layout of the PCM-based 4-bit attenuator. PCM SPDT switches are used to select
desired attenuation level by loading/unloading a combination of attenuator section(s).

Table 7.1: Resistor values for attenuation bits

Resistor 3dB 6dB 9dB 18dB

R, 20600 500 910 347Q)
Ry 1210 500 2750 72Q

based SPST switches to route the signal between path 1 or 2 as shown in Fig. 7.14. De-
tailed description of SPDT switches is reported in chapter 6. Individual attenuator bits
are designed using high frequency wide-band integrated passive bridged-T resistor net-
works to provide discrete attenuation levels. Bits (A-D) provides attenuation level of
3dB, 6dB, 9dB and 18 dB respectively. Combining four bits provides 16 discrete atten-
uation levels.

Bridged-T resistor networks are chosen over standard “T” or ‘7t” topology as an addi-
tional resistive element. It enables the resistor network to provide desired attenuation
without changing the characteristic impedance of the signal line, as the signal appears
to bridge across “T” network. Four resistor elements are required to form individual
attenuator bits. For 50 () impedance, R; and R; values are chosen to get desired atten-
uation levels as given in Table 7.1. Larger resistor values show inductive behavior at
high frequencies, thus capacitive compensation is included to cancel out the inductive
component for resistor values greater than 100 Q.
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Figure 7.16: Optical micrograph of the monolithically integrated PCM-based 4-bit variable at-
tenuator. Control pads 1-16 are used to tune the attenuation levels. Four passive bridged-T
attenuator sections are shown in zoomed-in view.

Layout of the fully integrated device is shown in Fig. 7.15. The overall device foot-
prints are under 1.18 mm x 0.44 mm including RF input/output ports and bias pads. At-
tenuation control set/reset pads actuate the switches in path 1, while attenuation level
control pads actuate the switches in path 2. Desired attenuation level can be achieved by
loading the transmission line with any combination of fixed attenuators (A-D). Actuat-
ing all the eight SPST switches in path 1 resets the device to its lowest attenuation level.
The attenuation levels are selected by applying a 1.2 ys pulse to turn ON the switching
element, while a 200 ns pulse turns the switch OFF. On-chip micro resistors are designed
to get precise resistance. Developing planar resistors using lossy material is viable option
to minimize resistor area. Gen 3 microfabrication process includes micro-heater layer of
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tungsten (W). When a conductive metal layer is utilized for biasing, sheet resistance of
tungsten can be tuned to achieve desired resistivity to develop precise resistor values.

7.2.1.2 Simulation and Measurement Data

An optical micrograph of the fabricated reconfigurable PCM-based 4-bit attenuator is
shown in Fig. 7.16, highlighting the overall device size, control pads and individual
passive bridged-T attenuators. Embedded high frequency wide-band resistors are opti-
mized for the desired 8 GHz frequency band. Eight SPDT switches are monolithically
integrated to load/unload desired passive bridged-T resistor network which provides
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Figure 7.17: Measured and simulated insertion loss and return loss of the PCM-based 4-bit vari-
able attenuator over 24-32 GHz band. Response of all 16 states (4-bit) is shown.
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certain attenuation in the RF path. Resistor networks are simulated in Sonnet EM suite
while the fully integrated device is EM simulated in Ansys HFSS. PCM-based SPST se-
ries switches demonstrate less than 0.28 dB loss and better than 28 dB return loss in ON-
state while exhibit higher than 21 dB of isolation in OFF-state from 24 GHz to 32 GHz as
shown in Fig. 4.18.

Measured and simulated RF response of the PCM-based 4-bit variable attenuator is
shown in Fig. 7.17 from 24 GHz to 32 GHz. The response of all 16 states (4-bit) is demon-
strated in Fig. 7.17. EM simulated response shows minimum attenuation of 3.6 dB and
maximum attenuation of 38dB at 28 GHz. All measurements were done on wafer at
room temperature. Measured RF response exhibits minimum attenuation of 4.7 dB and
maximum attenuation of 37 dB at the centre frequency. Simulated and measured return
loss is better than 20 dB over the bandwidth. Attenuator bits (A-D) are designed to pro-
vide fixed attenuation relative to reset state (all attenuators bits unloaded). The variable
attenuator can be reconfigured with a switching time less than 1.2 us. The reliability of
the switches was experimentally validated for more than 1 million cycles.

7.2.1.3 Broadband On-Chip Resistors

It is challenging to get precise values of integrated resistors, which are fabricated on-
wafer using resistivity measurement of the thin-film layer with more than 120 points.
Sheet resistance data including wafer orientation is fed to a custom script to map the
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Figure 7.18: Measured broadband on-chip resistors over DC to 40 GHz.
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Table 7.2: Variation in measured resistor values over bandwidth

Resistor at10 MHz at40GHz Avg. RO) £ARQO

7Q 7.10Q 950 830 1180
21Q 21.3Q 25.0Q 2320 1840
27 Q) 27.5Q 3130 2940 1900
500 50.5Q 5340 5190 1450
90 Q 9120 87.30) 89.300 1950
1200 12110 116.6 QO 11880 2250

measured sheet resistance of the thin-film to resistor designs. Measured on-chip fabri-
cated resistors exhibit relatively flat response over DC to 40 GHz as shown in Fig. 7.18.
Six individual resistors are measured and the deviation over frequency range is given in
Table 7.2. As mentioned earlier, due to the lossy material used to design resistors, long
meander lines introduces inductance at high frequencies for which a capacitive element
is used to precisely bring back the resistor value from roll-off.

Measured resistors exhibit only an average of +1.7 Q) resistance variation over DC to
40 GHz frequency band. Similar resistors are measured from different location of wafer
with mean deviation of less than 3.8% across wafer. These on-chip resistors are suitable
for designing matched terminations in multi-port devices as well as to design precise
resistor networks as used in variable attenuator circuits.

7.2.2 Scalable PCM-Based Variable Attenuator Using T-type Switch

A PCM based scalable variable attenuator is developed utilizing T-type unit-cells. The
scalable attenuator is based on the redundancy switch matrix discussed in section 6.2.4.
Scalability of n? is achieved utilizing bridged-T resistor networks on both sides of the
switch matrix with signal routing functionality. SPNT switches are monolithically in-
tegrated at the input and output side. A n? with n = 3 scalable variable attenuator is
developed utilizing two T-type unit-cells, four bridge-T resistor networks and two SP3T
switches as shown in Fig. 7.19. Actuating one of the switches in SP3T allows RF signal
to either bypass attenuators passing through the switch matrix to the output terminal,
or introducing an individual or a set of attenuators in the signal path.

Utilizing switch matrix approach for developing switchable/reconfigurable compo-
nents is preferred over traditional approach of cascading back-to-back SPDT switches
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Figure 7.19: Schematic of a reconfigurable and scalable variable attenuator consisting of T-type
unit cells in 2 x 4 configuration, PCM SP3T switches and resistor networks.

for two discrete reasons: this approach provides signal routing with less number of
switches per unique control element combinations. The attenuator shown in Fig. 7.16 ei-
ther passes or bypasses an attenuator bit in the signal line with the use of SPDT switches.

PCM T-type
Unit-Cell
PCM SP3T
Switch
RF
Input
0.9 mm
X
0.8 mm

Bridge-T Resistor
Network

Attenuation Level
Control Pads

Y

Figure 7.20: Layout of scalable PCM-based variable attenuator utilizing T-type unit-cells and
multi-port RF switches.
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Table 7.3: Comparison of 2" and n? variable attenuators

Order No. of States Unique States No. of Switches

n 2" n? 2" n? 2" n?
1 2 2 2 2 2 3
2 4 4 4 4 4 4
3 8 9 7 9 6 4—6
4 16 16 13 16 8 4—8
5 32 25 23 25 10 4—-10

From design point-of-view, the approach to reconfigurability is simple, but the length of
the signal path increases with number of bits. With each added bit to the signal line, 2"
scalability is achieved and the RF signal need to pass through a total of 2 x n switch-
ing elements. A single point switch failure in a signal chain could make the device
susceptible to latch in a non-desirable state. Scalable attenuator with T-type unit-cells
mitigate these concerns due to flexible routing mechanism. Except design and routing,
for n? scalable attenuator, switches between 4 and 2 x n are required for reconfigura-
tion. SPNT switches also scale well with N = n. For n? variable attenuator, n — 1 T-type
unit-cells are required. Scalable n? attenuator also provides more unique states than the
previously discussed variable attenuator. 2" device has redundant states as shown in Ta-
ble 7.3. With the increasing order of n, 2" variable attenuator becomes more practical and
appealing as it utilizes resources efficiently, but in the case of n? attenuator, redundant
states increase which makes number of unique states lower. In case of a switch failure,
2" variable attenuator provides flexibility in routing the signal through any other path.

Layout of the compact PCM-based scalable monolithically integrated variable atten-
uator is shown in Fig. 7.20 highlighting various RF components, attenuation level con-
trol pads and overall device size. The scalable attenuator has overall device size under
0.9mm x 0.8 mm including control pads and RF ports. Passive bridged-T resistor net-
works are arranged in a way such that either an individual network or a combination
of networks can be selected by latching PCM RF switches in the desired RF signal path.
Line impedance is maintained for capacitance variation generated from bias network.

7.2.2.1 RF Performance Simulation and Measurement

The variable attenuator is fabricated using Gen 3 microfabrication process. Optical mi-
crograph of the variable attenuator is shown in Fig. 7.21. Fig. 7.21(a) highlights the
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Figure 7.21: Optical micrograph of the monolithically integrated PCM-based variable attenuator.
(a). Passive bridged-T resistor network for attenuation level, (b). Zoomed-in view of three-way
junction in a T-type unit-cell.

bridged-T resistor network in which resistor R3 shows capacitive compensation element
and Fig. 7.21(b) shows a junction in T-type unit-cell. PCM-based SP3T switches inte-
grated in variable attenuator demonstrate less than 0.5 dB loss and better than 21 dB re-
turn loss in ON-state while exhibiting higher than 20 dB isolation in OFF-state over 8 GHz
operational bandwidth at centre frequency 30 GHz.

Measured and simulated RF response of the PCM-based scalable variable attenuator
is shown in Fig. 7.22 from 26 GHz to 34 GHz. The RF response of all 9 states is demon-
strated in Fig. 7.22. EM simulated response shows minimum attenuation of 3.1dB and a
maximum attenuation of 27 dB in 3 dB increments. The EM simulated return loss of bet-
ter than 18 dB in all possible states. Measured response shows minimum attenuation of
3.9 dB and maximum attenuation of 28 dB at centre frequency 30 GHz. The deviation in
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Figure 7.22: Measured and simulated attenuation and return loss of the PCM-based scalable
variable attenuator over 26 GHz to 34 GHz. Response of all 9 states is shown.

measured response is due to the variation in number of switches and switch response.
During microfabrication, PCM junction channel size variation leads to slight offset of
RF response from the benchmarked performance. Overall, the measured response is in
close agreement with the simulated data. Measured return loss is better than 13dB in
all possible combinations.

The scalable attenuator provides flexibility in terms of offering unique combinations,
requiring less number of switches in certain states. It also maintains certain degree of
redundancy if one or more switches fail. The disadvantage of such topology is complex
design, high degree of signal routing (which can be automated ), less number of states
per unit chip area.
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7.3 PCM-Based mmWave Phase Shifters

Phase shifters are crucial components for electronic beam steering in phased-array sys-
tems. Phase shifters are widely used to change the excitation phase of an individual
antenna element in phased-array antennas. mmWave phased array antennas provide
the capability of real-time beam steering with high efficiency in a miniaturized package
for applications including but not limited to high-speed 5G cellular communication, au-
tomotive radar and satellite communication. A large variation in the insertion loss of the
phase shifter as the state varies, can adversely affect the phased-array gain. Ideally, phase
shifters should provide a constant low insertion loss and precise phase shift tuning over
a wide bandwidth.

Phase shifters are commonly realized using semiconductor technologies based on
CMOS, GaAs, SiGe and SOI. While mmWave semiconductor-based phase shifters offer
ease of low cost integration with other front-end modules, they suffer from high inser-
tion loss with large variation, low linearity and low power handling capability [ 128-130].
RE-MEMS based phase shifters provide better RF performance [131-133], but due to me-
chanically moving thin membranes, contact based MEMS devices do not offer latching
functionality. In addition they are larger in size, and suffer from reliability concerns
[131, 133]. Many of these reliability issues have been resolved over the years, yet as of
today, RF MEMS have been implemented in a very limited applications and only at low
frequencies.

Emerging RF switch technology based on PCM GeTe provides exceptional RF per-
formance for mmWave applications [86]. Latching nature of GeTe material allows the
development of compact integrated mmWave circuits with zero static DC power con-
sumption [95-97]. Three different phase shifter topologies are investigated including
true-time-delay phase shifters and reflective type phase shifter.

7.3.1 Loss Compensated Wideband 3-bit Switched 30 GHz True-Time-
Delay Phase Shifter

This section reports the first implementation of a 3-bit mmWave switched true-time-
delay (TTD) phase shifter based on PCM GeTe. The phase shifter is designed using
four monolithically integrated PCM SP3T switches to route the signal through delay
lines. The insertion loss variation between various states is minimized by integrating
two fixed PCM GeTe elements maintained in the crystalline state, along with optimized
width of the delay lines. The PCM switching cells are latching type, thus consume no
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Figure 7.23: Schematic of a loss compensated 3-bit switched TTD phase shifter consisting SP3T
switches and delay lines (g to t4) cascaded in two stages.

static DC power. The SP3T switches are connected back-to-back in two stages to provide
3-bit phase shift with 20° precision.

The phase shifter is designed to operate over a 8 GHz wide frequency band with a
center frequency of 30 GHz. The presented phase shifter is highly miniaturized with
overall device area of 0.42mm?. The phase shifter exhibits a measured average loss of
4.3 dB with a variation of only £0.3 dB and a return loss better than 20 dB. It provides
180° linear phase shift with a figure-of-merit of 42 °/dB. The phase shifter exhibits less
than 15 ps delay with 2 ps precision per state, which is lowest compared to currently
available state-of-the-art MEMS-based phase shifters.

A novel monolithically integrated loss-compensated compact PCM GeTe-based 3-bit
switched TTD phase shifter for mmWave applications at 30 GHz with 8 GHz bandwidth
is developed. The integrated device is fabricated in-house on a high resistivity silicon
wafer using seven-layer Gen 3 microfabrication process. SP3T switches integrated in this

Delay Line Fixed PCM-GeTe element (Sy) in crystalline state

Figure 7.24: Loss compensation in tj sections using fixed PCM-GeTe element (Sp) in each stage.
Both PCM elements Sy elements are latched in crystalline state and does not require any switch-
ing. Addition of Sy minimize insertion loss variation between phase shifter states.
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device demonstrate exceptional RF performance over the entire bandwidth. Phase shift
is controlled by selectively routing the RF signal through delay lines and four cascaded
PCM-based SP3T switches.

Delay line dimensions are optimized along with fixed integrated GeTe elements de-
signed to provide a particular insertion loss to minimize loss variation. This the first ever
reported PCM-based wideband phase shifter for mmWave applications in a highly com-
pact package with low average loss, minimum loss variation, low group delay variation
along with precise phase shift tuning.

Fixed PCM Elements
in t; sections
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Control Pads
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PCM SP3T
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Figure 7.25: Chip layout of the loss compensated PCM-based 3-bit switched TTD phase shifter.
PCM SP3T switches are used to select desired phase shift level by loading/unloading a combi-
nation of delay line section(s) in the RF path.
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7.3.1.1 Operation Principle of TTD Phase Shifter

The monolithically integrated PCM-based 3-bit switched TTD phase shifter is designed
by utilizing four SP3T switches to route the RF signal through a combination of de-
lay /transmission line sections. Four delay line sections (#;—t4) are cascaded in two stages
A and B to form a 3-bit device in reference to a delay line (t() as shown in Fig. 7.23. Inte-
grated PCM-based SP3T switches utilize series SPST switches in an extremely compact
area for routing the signal between three available paths in Fig. 7.24. Delay lines provide
phase shift as typ = 0° (Reference), t; = 20°, tp = 40°, t3 = 60° and t4 = 120°. A short line

e Output
10

Compensation

in ty (Reference)
, 0 \
(ST S e
ol R o)

Figure 7.26: Optical micrograph of the monolithically integrated PCM-based 3-bit mmWave
switched TTD phase shifter. Inset shows an optical micrograph of the zoomed-in view of a PCM-
based SP3T switch. 3D rendered view of PCM SP3T switch core is highlighted.
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segment (to.) connects two phase shifter stages (A and B). With a proper selection of the
SP3T switching states, the phase shifter would exhibit 20° phase precision in 9 discrete
states. Individual delay line sections are designed and optimized to minimize the inser-
tion loss by varying the width of the lines. A large CPW signal line width is selected
for longer delay lines while smaller CPW signal line widths are chosen for shorter delay
lines to minimize variation of the insertion loss. Width of the delay line t; is larger than
subsequent delay lines to match the insertion loss with the lowest bit t;.

RF signal passes through t. in all possible states. In addition to tyc, in state 1, the sig-
nal passes through two ¢ sections, while the signal routes through t; + to, to + to, to + t3,
or tp + t4 in state 2, 3, 4 and 7 respectively, utilizing one delay line segment in conjunction
with (. In state 5, 6, 8 and 9, the signal passes through two delay line segments t; + t3,
tr +t3, t; + t4 or t + t4 bypassing both ty segments respectively. To compensate for the
high insertion loss exhibited in states when a combination of two delay line segments
are selected, two fixed PCM GeTe elements (Sy) that are designed without micro-heater,
are monolithically integrated in two ¢y sections to minimize the insertion loss deviation
and to match the loss in state 1, 2, 3, 4, and 7 with the remaining states as highlighted in
schematic and in optical micrograph depicted in Fig. 7.24. PCM elements (Sp) are kept
in crystalline state to compensate for the loss in lower order states of the phase shifter.
PCM-based technology provides flexibility to highly miniaturize the integrated device.

Layout of the fully integrated device is shown in Fig. 7.25. The overall device core area
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Figure 7.27: Measured and simulated RF performance of PCM-based SP3T switches over 8 GHz
bandwidth. Due to the design symmetry, RF performance between RFC and three output ports
is identical as shown for two states.
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Figure 7.28: Measured and simulated RF performance of the PCM-based 3-bit switched TTD
phase shifter over 26-34 GHz band. Response of all 9 states is shown. Insertion loss variation is
minimized by choosing optimum delay line widths for higher states.

is under 0.42 mm? making it a highly miniature phase shifter. The PCM SP3T switch has
one common input port ‘RFC” and three output ports ‘RF1, RF2 and RF3’ as shown in
Fig. 7.24. Desired phase shift level is achieved by routing the RF signal through delay
lines and actuating the cascaded PCM-based switches with the application of OFF or ON
pulse. The control pulse is provided between respective control pads and a common bias
pad ‘CM’". PCM switches are reversible binary resistive switches which are actuated by
applying an OFF pulse of 200 ns width and 12V amplitude and an ON pulse of 1.2 ys
width and 7.8 V amplitude.
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7.3.1.2 RF Performance Measurement

An optical micrograph of the fabricated PCM-based 3-bit switched TTD phase shifter is
shown in Fig. 7.26, highlighting the overall device size, control pads and delay lines and
loss compensation fixed PCM elements. Inset of Fig. 7.26 shows the optical micrograph
of the close-up view of monolithically integrated PCM SP3T switches. 3D rendered SP3T
switch is also shown in Fig. 7.26. Control pads provide the desired phase shift by recon-
figuring the respective PCM switches in desired phase shift path. Four RF PCM GeTe-
based SP3T switches (12 RF SPST switch elements) along with two fixed PCM GeTe
elements Sy in ty sections (these elements are always in the ON-state to compensate loss)
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Figure 7.29: Measured and simulated phase shift and group delay of the PCM-based 3-bit TTD
phase shifter over 26-34 GHz band. Response of all possible states is shown.
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are monolithically integrated to form the phase shifter as shown in Fig. 7.26. Fig. 7.27
shows the measured RF performance of the SP3T demonstrating a return loss better than
21 dB, isolation higher than 20 dB and insertion loss lower than 0.6 dB over the 8 GHz op-
erational bandwidth. RF ground is connected using cross-connect junctions over SP3T
switches which are optimized to remove any capacitive effect from the M3 bridges by
adding inductive element to the signal line.

Table 7.4: Comparison of the mmWave PCM GeTe-based phase shifter with state-of-the-art

Reference Device Frequency  No. of Device  Phase Shift
Technology (GHz) * States Area at 30 GHz

This Work  PCM-GeTe 26-34 9 0.43 mm? 160°
[134]  Liquid Crystal 2040 540 mm? 60°|
[133] RF MEMS 27-33 16 20 mm? 290°
[129]  65nm CMOS  20-30
[132] RF MEMS 10-35 8 14.3 mm? 360°
[128] 0.25 ym SiGe 10-50 64 0.22 mm? 80°
[131] RF MEMS DC—-40 4 200 mm? 200°
[130] 0.18 ym SiGe 28-40 16 0.18 mm? 320°

Reference Insertion 0 Loss Return Tuning Latching

Loss Max. Variation Loss Min. Elements (Yes/No)

This Work 49dB Yes
[134] 9.5dB +2.5dB 6dB
[133] 6.2dB +2.0dB 8dB 13
[129] 13.5dB +13dB  13.3dB 24
[132] 42dB +1.8dB 14
[128] +2.0dB 12dB 25"
[131] +0.6dB 12dB
[130] 21dB 8.2dB

t RF performance reported is for 4 GHz to 8 GHz bandwidth (depending on the maximum operat-
ing frequency of a device) at 30 GHz center frequency.

" Tuning elements in [128] and [130] are estimated based on the described circuit configurations.
Number of tuning elements are ranked depending on the number of states of the phase shifter.

, Reasonable and performance parameters are highlighted.
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The RF performance of the phase shifter is simulated in Ansys Electronics Desktop
(Previously Ansys HFSS) and Sonnet EM Professional Suite. Measured results are in
close agreement with the EM simulated results as shown in Fig. 7.28. The phase shifter
exhibits return loss better than 20 dB at 30 GHz and better than 16 dB over the 8 GHz
bandwidth. Measured average insertion loss is 4.3 dB with a loss variation remarkably
reduced to only £0.3 dB over the entire bandwidth.

Measured and simulated relative phase shift is depicted in Fig. 7.29 reporting highly
linear 180° phase shift with 20° step precision over the operational bandwidth with
figure-of-merit (FoM) of 42 °/dB. The presented phase shifter exhibits less than 15 ps of
measured group delay in 2 ps per state precision as shown in Fig. 7.29. The demonstrated
group delay is lowest compared to current state-of-the-art.

7.3.2 Low Loss 3-bit Switched True-Time-Delay 30 GHz Phase Shifter
Using PCM SP8T Switches

This section reports a low-loss 3-bit mmWave switched TTD phase shifter based on PCM
GeTe. The phase shifter is designed using two monolithically integrated PCM GeTe-
based SP8T switches to route the RF signal through delay lines. The insertion loss vari-
ation between various phase shifter states is minimized by utilizing optimized width of
the delay lines. The phase shifter reported in section 7.3.1 use two stages ‘A’ and 'B’, thus
the RF signal passes through four switches. Although, two fixed PCM GeTe elements are
used in reference ‘t)” delay line to compensate for the loss, but it is always preferred to
reduce the number of switches which mainly add loss to the signal path. The PCM SP8T
switches are connected back-to-back beside 8 delay lines to provide 3-bit phase shift with
20° precision. Similar to the phase shifter reported in section 7.3.1, this phase shifter is
also designed to operate over a 8 GHz bandwidth with a center frequency of 30 GHz.
The miniaturized phase shifter is developed with overall device area of 1.74 mm?. The
phase shifter reported in this section exhibits a measured average loss of 3.8 dB with a
variation of only £0.2dB and return loss better than 17 dB at 30 GHz. It provides 180°
linear phase shift with a figure-of-merit of 47 °/dB. The phase shifter exhibits less than
20 ps delay with 2.5 ps precision per state.

The reported TTD phase shifter is designed utilizing rotary PCM-GeTe based SP8T
switch to maintain the RF performance from various switch paths in all possible operat-
ing states. The phase shifter is developed using Gen 3 microfabrication process. Details
on design and operation of SP8T switches integrated in this phase shifter are provided
in section 6.1.2. The operation principle is similar to the one reported in Fig. 7.23 with
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the exception that this phase shifter is designed to have 3-bit operation using a single
stage with two SP8T switches rather than four cascaded SP3T switches. Phase shift is
controlled by selectively routing the RF signal through delay lines and two PCM-based
SP8T switches. Delay line dimensions are optimized to minimize the loss variation. Due
to the use of a single stage of delay lines, loss compensation using fixed GeTe elements
are not required in this design.

The TTD phase shifter has eight delay lines (t; — tg) which are controlled by actu-
ating respective switches aligned in SP8T configuration. The optical micrograph of the
monolithically integrated PCM-based 3-bit TTD phase shifter is shown in Fig. 7.30. SP8T
core and zoomed-in view of one of the PCM SPST switch in SP8T configuration is high-

100 pm

Figure 7.30: Optical micrograph of the monolithically integrated PCM-based 3-bit mmWave
switched TTD phase shifter using SP8T switches. (a). Optical micrograph of SP8T switch core,
(b). Zoomed-in view of an individual PCM GeTe SPST switch used in SP8T switches.
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lighted in Fig. 7.30(a) and (b) respectively. With a proper selection of the SP8T route,
the phase shifter would exhibit 20° phase precision in 8 discrete states. The delay line
widths are wider for longer delay lines to compensate for the loss.

7.3.2.1 RF Performance Measurement

The optical micrograph shown in Fig. 7.30 highlights SP8T switches, delay lines and con-
trol pads to actuate respective phase shifter state. ‘COM’ pads are the common ground
nodes for actuation signals. EM simulated and measured RF response of SP8T switches
for the 8 GHz operational bandwidth is shown in Fig. 7.31. At center frequency 30 GHz,
the insertion loss of the switches is less than 1.2 dB and return loss is better than 20 dB,
while the isolation is higher than 23 dB.

The fully integrated phase shifter shows an average 3.5dB of insertion loss with
+0.2 dB loss variation and return loss better than 23 dB at center frequency 30 GHz. The
measured average insertion loss is 3.8 dB with loss variation of +0.2 dB. The measured
return loss is better than 17 dB at 30 GHz. Over the entire 8 GHz operational bandwidth,
the simulated return loss is better than 18 dB and measured return loss is higher than
14 dB, while the average insertion loss is 4 dB. The simulated and measured phase shift
and group delay is shown in Fig. 7.29. EM simulation and measurement of the phase
shifter demonstrate a relative linear phase shift of 180 deg at 30 GHz with 22.5° precision.
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Figure 7.31: Measured and simulated RF response of SP8T switch over 26-34 GHz band. REC is
the common input port. Due to the symmetrical design, response of two states RF2 and RF4 is
shown in ON-state and the OFF-state response of two different states RF3 and RF5 is shown.
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Figure 7.32: Measured and simulated insertion loss and return loss of the PCM-based 3-bit TTD
phase shifter over 26-34 GHz band. Response of all 8 possible states is shown.

Simulated relative group delay shows maximum of 17 ps delay in linear 2.1 ps steps. The
phase shifter demonstrates measured maximum group delay of 20 ps with 2.5 ps linear
step precision per state as shown in Fig. 7.33.

Measured and simulated relative phase shift depicted in Fig. 7.33 shows a linear
phase shift with figure-of-merit (FoM) of 47 °/dB. The presented phase shifter shows
12x better FoM at the expense of slightly larger device area and 5 ps higher group de-
lay. Both the presented TTD phase shifters demonstrate exceptional RF performance
compared to state-of-the-art.

The advantage of the PCM technology with monolithic integration of circuit elements
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Figure 7.33: Measured and simulated phase shift and group delay of the PCM-based 3-bit TTD
phase shifter over 26-34 GHz band. Response of all possible states is shown.

is that the device size is highly reduced with a clear benefit in minimizing insertion
loss variation. All measurements were carried out on-wafer at room temperature. The
reliability of the RF PCM GeTe series switches was experimentally validated for more
than 1 million cycles. The PCM GeTe-based phase shifter is compared with the current
state-of-the-art and the presented device provides better RF performance and exhibits
minimum loss variation with lesser number of tuning elements required than the other
phase shifters reported in literature as shown in Table 7.4. As per our knowledge, there
isno latching type phase shifters available for mmWave in such a miniaturized packages.

Apart from switched-type/TTD based phase shifters, an interesting approach to de-
velop phase shifter is to integrate tunable reflective loads with a quadrature coupler.
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Depending on the choice and implementation of reflective loads, reflective type phase
shifter offers precise phase shift with broad tuning range. A mmWave reflective type
phase shifter is discussed in next section.

7.3.3 Monolithically Integrated 28 GHz PCM-Based Reflective Type
Latching Phase Shifter

Reflective-type phase shifters (RTPS) are suitable candidates for realizing monolithi-
cally integrated phased array systems due to their smaller size and high phase resolution
compared to switched-type or TTD phase shifters. Recently, several CMOS-based imple-
mentations of RTPS at mmWave frequencies are reported [135-137]. The most common
designs of RTPS utilize microstrip-based 3 dB Lange /broadside/hybrid coupler with two
LC reflection loads [138, 139]. The output phase shift of RTPS is controlled by the re-
flection coefficient of the loads. A highly compact phase shifter implementation based
on GaAs MESFET is reported in [140].

The major challenge in the design of phase shifter is to achieve low insertion loss,
large phase shift range, linear phase shift deviation over a desired frequency band, and
low loss variation simultaneously. The phase shifting range can be improved by cascad-
ing two RTPS designs, but this method leads to high insertion loss [136]. Therefore, it
is utmost challenging to develop RTPS with a large phase shift range, low insertion loss.

Reflective
Load X,

[ —

RF Input

)
Reflective

Load X},

RF Output

Quadrature I

Coupler

Figure 7.34: Schematic of the single-ended RTPS consisting of a quadrature hybrid coupler ter-
minated with two identical reflective loads. The desired phase shift in the output RF signal is
added by the hybrid coupler and the reflective loads. I' is the reflection coefficient and X, is the
tunable reactance of each reflective load.
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In this section, a PCM-based monolithically integrated RTPS is developed using Gen
3 microfabrication process. The RTPS phase shifter is developed utilizing two identical
hybrid capacitor/inductor banks integrated with a 28 GHz quadrature coupler as tun-
able reflective loads. The demonstrated phase shifter exhibits measured 280° phase shift
over 26 GHz to 30 GHz in 256 steps precision. Various reflective load topologies are dis-
cussed with respect to achievable phase shift range.

7.3.3.1 Phase Shifter Design and Operation Principle

The schematic of the PCM-based RTPS is shown in Fig. 7.34. The output phase shift is
controlled by simultaneously tuning reflective loads. The PCM-based RTPS is designed
using hybrid capacitor/inductor bank, which provides reactive load tuning simultane-
ously providing change in phase shift between input and output port.

The design of RTPS presented in this section comprises of a 90° (quadrature) hy-
brid coupler terminated by two identical reflection loads as shown in the schematic in
Fig. 7.34. When two identical reflective loads are attached at the through port 2 and the
coupled port 3 of a quadrature hybrid, the RF signal at input port will be transmitted to
output port with phase shift determined by the phase of the reflective load.

If Zy is the characteristic impedance of the quadrature coupler and X}, is the reactance
of the reflective load, then if assuming the reflective loads and hybrid coupler lossless,
the phase shift between input and output port will vary with the load reactance X; [112].
If X[ min and X max are the minimum and maximum reactance values of the tunable load,
respectively, then the total phase shift range 0;ange achieved can be described as:

-1 (XLmax) (XLmin) ‘
tan — | = | Y=
Zo Zo (7.1)
= LI'tmax — £l'Lmin

Grange =-2

where ZI'1max and £l yin are the maximum and minimum values of the phase of re-
flection coefficient.

7.3.3.2 Reflective Loads

The design of reflective-type phase shifters is primarily focused on the optimization of
reflective loads by using inductive and capacitive elements in various configurations.
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Figure 7.35: Comparison of the simulated load impedance range and phase shift range for dif-
ferent reflective load topologies (a) single variable capacitive load, (b) single variable inductive
load, (c) fixed inductor and variable capacitor connected in series, (d) fixed capacitor and vari-
able inductor connected in series, and (e) switchable variable capacitor and variable inductor
connected in parallel as the proposed load configuration.

Several reflective load topologies have been reported in the literature [137]. The load
impedance tuning range and the phase shift range provided by some common reflective
load configurations along with the proposed load topology are shown in Fig. 7.35.

The basic reflective load topology shown in Fig. 7.35(a) has a single capacitive load.
Its load impedance tuning range at 28 GHz as shown on the Smith chart is very limited.
This leads to small phase shift range (61.15°) as described by the Eq. 7.1. A single tunable
inductor also has a limited range as shown in Fig. 7.35(b). A series inductor can extend

Table 7.5: Summary of various reflective loads for RTPS

Load Phase Shift, 6 00
Topology at fo =28GHz  (°)

a 61.15° +2.4°
b 94.97° +4.1°
C 78.79° +5.5°
d 114.38° +10.7°
e 324.95° +2.4°
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the phase shift range as shown in Fig. 7.35(c) but still the range is limited. Although,
these topologies provide larger load impedance coverage for the same capacitance range,
the phase shift range is still very limited. On the other hand, the reflective loads given
in Fig. 7.35(d) can provide better phase shift range, but do not yield a constant phase
change (66) over 26 GHz to 30 GHz. The phase shift range obtained at 28 GHz by pro-
posed configuration shown in Fig. 7.35(e) is 325° with low 40.

Linearity of the phase shift change over the bandwidth of interest is critical for any
phase shifter. It is desirable to attain a constant phase shift (66) over the operating fre-
quency band. It is noted that the proposed configuration shown in Fig. 7.35(e) offers
the lowest variation in phase shift (66) over the frequency range 26 GHz to 30 GHz. Ta-
ble 7.5 gives the phase change and the delta in phase over bandwidth for the reflective
loads shown in Fig. 7.35.

While using two switchable tuning elements extend the phase shift range more than
320°, it also provides low 6. The variable capacitance and inductor range for the sim-
ulation of phase shift range is the same that is achieved by a hybrid capacitor/inductor
bank. For fixed elements, a median value of the lumped component is chosen. For vari-
able lumped elements, Ciin=110{F, Cnax=360fF, Lnin=38pH, and Ln.x=310pH are
used, while for the fixed element values, Cfyeq=200fF and Lgyeq=100pH are chosen.
Ron and Rof values depend on the resistance of the PCM switches. ON-state resistance
drops due to the parallel connection of multiple switches. The PCM-based hybrid ca-
pacitor/inductor bank described in section 7.1.3, is an ideal choice to use in RTPS.
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Figure 7.36: Measured and simulated S-parameters of the quadrature hybrid coupler from
26 GHz to 30 GHz.
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7.3.3.3 28 GHz Hybrid Coupler

An efficient technique to desigh a mmWave hybrid coupler is to connect two loosely
coupled CPW couplers in tandem configuration to form a tight coupler [141, 142]. For
instance, two 8.3dB CPW couplers can be combined to achieve a 3dB tandem coupler.
This topology however requires two metal layers, which is favorable for Gen 3 microfab-
rication process. Top metal layer used for connecting the signal lines at crossovers and
the ground planes generate a broadside-coupling effect, hence the simulated length for
maximum coupling at 28 GHz is smaller than A /4. Simulated results show that the hy-
brid coupler provides an average transmission of 4.2 dB between the through and cou-
pled ports over the frequency range 26 GHz to 30 GHz exhibiting an insertion loss of
1.2dB as shown in Fig. 7.36. The return loss at the input and the isolation ports is below
25dB at the centre frequency and better than 16 dB for the entire bandwidth.
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Figure 7.37: Optical micrograph of the compact PCM-based mmWave reflective type phase
shifter highlighting control pads and reflective loads. (a). Optical micrograph of the mmWave
hybrid capacitor/inductor bank, (b). Zoomed-in view of PCM SPST switch in series with tunable
component.
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The S-parameters of the fabricated quadrature hybrid coupler were measured as
shown in Fig. 7.36. The measurement of the four-port characteristics in a two-port net-
work analyzer system can be done by alternatively terminating two ports of the coupler
with on-chip matched 50 Q resistors and measuring the S-parameters between the two
remaining ports. The measured results are displayed in Fig. 7.36 alongside the simu-
lated results and a very good match was observed over the 26 GHz to 30 GHz range. A
measured transmission of 5 dB was obtained at 28 GHz. The measured return loss and
isolation are better than 15 dB within the frequency band.

7.3.3.4 RF Performance Measurement

The optical micrograph of the in-house fabricated PCM-based mmWave RTPS is shown
in Fig. 7.37. Optical micrograph of the hybrid capacitor/inductor bank is shown in
Fig.7.37(a) and PCM SPST switch in series with tunable element is shown in Fig. 7.37(b).
The phase shifter has overall device area of 1 mm? x 0.9 mm? including CPW ports and
control pads while the device core footprint is under 0.7 mm? x 0.7 mm?. Due to the use
of hybrid coupler, RTPS usually have narrower bandwidth than TTD phase shifters. The
developed phase shifter has 4 GHz operating bandwidth, which is half the bandwidth
offered by two TTD phase shifters discussed in previous sections. RF performance of
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Figure 7.38: Measured and simulated phase shift of the PCM-based reflective type phase shifter
over 26-34 GHz band. Response of 9 states out of 256 possible states is shown.
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Figure 7.39: Measured and simulated RF response of reflective type phase shifter over 26 GHz
to 30 GHz. RF response of 9 different states are shown out of a total of 256 states.

the RTPS is simulated and measured over 26 GHz to 30 GHz. Measured and simulated
phase shift of the RTPS is shown in Fig. 7.38. The RTPS exhibits more than 300° simulated
relative phase shift and better than 290° measured relative phase shift.

RF response of 9 states are shown out of a total of 256 states in Fig. 7.39. The average
simulated insertion loss of the RTPS is 4.8 dB with loss variation 0.7 dB. The simu-
lated return loss is better than 22 dB at center frequency and higher than 17 dB over the
operating bandwidth. The measured average insertion loss of the RTPS is 5.25 dB with
loss variation of -0.75 dB. The measured return loss is better than 18 dB at 28 GHz and
higher than 14 dB over the operational bandwidth. The RTPS demonstrates measured

FoM of 55 °/dB which surpasses TTD phase shifter.
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7.3.3.5 Comparison of mmWave Phase Shifters

Both TTD and RTPS have their own advantages and disadvantages. RTPS provides bet-
ter phase shift range if a reflective loads with large tuning range are used. TTD based
phase shifters have low loss and can be made with loss-compensation technique as dis-
cussed in the previous sections. RTPS has higher loss variation than the previously de-
scribed TTD phase shifters. RTPS also have narrow operating bandwidth which is due
to the use of hybrid coupler. The RTPS discussed in previous section has half the oper-
ating bandwidth than its TTD phase shifter counterparts. TTD phase shifters offer more
linear loss. It depends on the use case scenario if higher phase shift range is required or
low loss is mandatory for the application. Looking at a single performance parameter,
RTPS has better FoM than TTD based phase shifters.

7.4 Reconfigurable PCM-Based Impedance Matching Net-
work

Reconfigurable impedance matching networks or simply impedance tuners are currently
employed in a wide range of commercial communication wireless devices and have an
important role in realizing intelligent multi-band RF-front ends. Impedance tuners com-
pensate for the antenna impedance variations that arise within an RF-front end due to
switching of frequency band of operation. Such systems are useful not only in enabling
more than one frequency band of operation but can also adapt dynamically with varia-
tions in temperature, output power levels and process deviations. They ensure optimum
power transfer and highest system efficiency [143, 144]. In this section, a reconfigurable
PCM-based impedance matching network is demonstrated.

le
RF In o RF Out
e g ! PCM-Based 4-Bit
PCM-Based Capacitor Bank

SPST Switch ‘-d ‘-d ‘-d ‘-d l

Figure 7.40: Schematic of reconfigurable impedance matching network using PCM-based 4-bit
switched capacitor banks and 70° sections.
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7.4.0.1 Operation Principle of Impedance Tuner

A monolithically integrated design of impedance tuner is reported with 4-bit PCM-based
capacitor banks fully integrated in the ground planes of the transmission line. The in-
tegrated capacitor banks do not consume any additional chip area. The capacitor banks
are integrated on the both sides of the transmission line to achieve high capacitance tun-
ing range. The switched capacitor bank can be tuned to certain capacitance range with
the application of actuation pulse. Varying the capacitance between the signal line and
PCM MIM capacitors results in impedance tuning. As several combinations of capaci-
tances can be achieved by controlling switched capacitor bank states, a large number of
impedance points will be generated and a better coverage can be achieved compared to
the case where a limited number of fixed capacitors are used. The impedance match-
ing network presented in this section is a current work-in-progress proof of concept and
demonstrate potential application of PCM based devices. PCM based components pro-
vide versatile use in tremendous RF applications.

EE u
RF Output
—

Figure 7.41: Optical micrograph: (a) Monolithically integrated PCM-based reconfigurable
impedance matching network, (b). 4-bit PCM-based capacitor bank, (c¢). Zoomed-in view of
4-bit capacitor bank.
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Fig.7.40 illustrates the schematic of the impedance tuner. It consists of three 70° CPW
transmission line sections and four PCM-based switched capacitor bank units. Each ca-
pacitor bank unit is sub-divided into two 4-bit capacitor banks one on each side of the
transmission line. The simulated capacitor banks are designed to provide capacitance
tuning range 0.2 pF to 1.2 pF in 16 discrete states. The optical micrograph of the fab-
ricated PCM-based impedance tuner is shown in Fig. 7.41 highlighting integrated ca-
pacitor banks and close-up view of individual capacitors. PCM SPST switches are con-
nected to fully unload the capacitor banks to prevent any parasitic capacitive or inductive
loading from capacitor bank. The overall device area of the impedance tuner is under
6.2mm X 1.2mm.

7.4.0.2 RF Performance Simulation and Impedance Coverage

The RF performance is simulated using a circuit model and Ansys HFSS for EM veri-
fication. The EM simulated RF response is shown in Fig. 7.42. When all the capacitors
are unloaded Cpyin, the impedance tuner shows 6 dB of insertion loss with better than
20 dB of return loss. However, at maximum capacitor loading Cy,x, the impedance tuner
shows insertion loss of 8 dB with return loss higher than 9 dB. High losses are expected
due to less thickness of metal and length of the transmission line. The circuit model
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Figure 7.42: Simulated S-parameters and impedance coverage of reconfigurable impedance
matching network. Impedance coverage is simulated for circuit model with ideal transmission
lines and EM model with transmission lines loss considered. RF response is EM simulated for
minimum and maximum capacitance case.
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shows better impedance coverage on smith chart at 4 GHz, but when metal loss is added
in EM simulations, the coverage is reduced, which is expected. One possible solution
to reduce the losses is to electroplate the transmission line, but at the time of writing
the unavailability of electroplating station hindered further development of this device.
After this improvement in the loss, this device holds the potential to outperform many
other currently available state-of-the-art technologies.

7.5 Summary of PCM based RF Components

In this chapter, various RF PCM GeTe-based RF components are reported with opera-
tional frequencies ranging mainly in mmWave range. All the devices reported in this
chapter are the first demonstration of PCM GeTe-based components for RF applications.
Table 7.6 summarizes all the devices presented in this chapter.

Table 7.6: Summary of PCM-based RF components

Device Operation Device
Range Size
6-Bit Capacitor Bank 1GHzto7GHz  0.5mm x 0.5mm
High SRF 6-Bit Capacitor Bank 1GHz to 10GHz 0.6 mm x 0.30 mm
Rotary 8-Bit Capacitor Bank 26 GHzto30GHz 0.5mm x 0.5mm
On-Chip Broadband Micro Resistors DC -40GHz 25pum to 15 ym
4-Bit Variable Attenuator 24GHz to32GHz 1.2mm x 0.5mm
Scalable Variable Attenuator 26 GHzto34GHz 0.9mm x 0.8 mm
3-Bit TTD Phase Shifter with SP3T 26 GHz to 34GHz 1.0mm x 0.8 mm
3-Bit TTD Phase Shifter with SP8T 26 GHzto 34GHz 1.2mm X 1.4mm
8-Bit Reflective Type Phase Shifter 26 GHzto30GHz 1.0mm X 0.9 mm
Switched Impedance Tuner 3GHzto7GHz  6.2mm x 1.2mm
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Chapter 8

Study of PCM RF Switches at Cryogenic
Temperature

This chapter examines the DC and RF performance of PCM GeTe-based RF switches
as a function of temperature. Resistance change behavior of PCM GeTe is investigated
from 77 K to 335K. The PCM GeTe shows metallic behavior in crystalline state which
exhibits consistent low resistivity over a wide temperature range, while in amorphous
state resistance increases more than six-orders of magnitude as a function of decreasing
temperature from 300K to 77 K. At cryogenic temperatures, sub-T() device resistance
is achieved with exceptionally high amorphous to crystalline state resistance ratio. IV
characteristics and RF performance are investigated over wide temperature range. RF
performance of PCM switches with and without micro-heater are examined. Devices
are pulsed to achieve stable high resistance ratio at 77 K.

Intermediate resistance states (between amorphous and crystalline states) in PCM
GeTe-based devices are observed during device pulsing at cryogenic temperatures. Sta-
bility or non-volatility of PCM GeTe in various intermediate resistance states are exam-
ined. Similar behavior is also observed at room temperature in chalcogenide PCM GeTe.
With proper excitation pulse conditions, reversible non-volatile resistance states are con-
firmed at room temperature. This phenomenon can be used in improving device relia-
bility to precisely tune PCM resistance to achieve extremely high RF resistance ratio for
future RF devices at cryogenic temperature.

High resistance ratio, stable crystalline state resistance and intermediate resistance
states in PCM GeTe will pave the way for the development of high performance DC/RF
devices for space applications.
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8.1 Temperature Dependant Performance Improvement

The motivation behind examining the DC and RF performance of the developed PCM
GeTe-based RF switches to investigate high resistance of chalcogenide PCM GeTe at cryo-
genic temperatures. PCM GeTe-based switches are not well studied at low tempera-
tures till date. To investigate the temperature dependency on DC or RF performance of
the PCM switches, the performance of the devices are studied over a wide temperature
range varying from 77K to 335K (—196 °C to 62 °C). Test setup similar to the one used
for device cycle testing is used to carry out DC IV characteristics and RF measurements
simultaneously as shown in Fig. 8.1.

The PCM GeTe switches are studied in a Lakeshore CPX-VF cryogenic probe station
which has built-in multiple radiation shields for better low temperature performance
measurements. The probe station allows RF and DC (CV or IV) measurements from
<3K to 294K (—270°C to 21 °C) at greater than 1 x 10~° Torr vacuum pressure. Large
2.51n cryo stage on active vibration damped table allows performing in-situ RF calibra-
tion along with DUT measurements. Typically liquid helium (LHe) is used to achieve
lower than 3 K temperature, but as the measurements are taken for more than 2 consecu-
tive days at different temperatures, limited supply and short span of LHe tank restricted
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Figure 8.1: Block diagram of reconfigurable switch DC and and RF measurements test setup at
cryogenic temperature.
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the use of LHe for measurements. Instead, liquid nitrogen (LN) is used as a cryogenic
fluid. The objective of the measurements is to investigate high resistive behavior at low
temperatures, thus usage of LN allowed reaching at minimum 77 K temperature. Slow
consumption of LN for the measurements allows precise control over the temperature
to extract data at various temperature stages.

Resistivity in both crystalline and amorphous stage of the GeTe over a wide temper-
ature range is investigated. PCM GeTe-based SPST switches are pulsed multiple times
to get stable resistance ratio. The test setup consists of a cryogenic probe station with
two CPW GSG probes to measure RF performance and also to source/measure volt-
age/current. Two SMUs (A and B) are used in the setup. Two ports of an SMU-B are
connected to bias tees for decoupling DC signal from RF. Cryogenic probe station al-
lows two DC probes and two RF probes for measurements. Thus, as shown in the block
diagram in Fig. 8.1, network analyzer is connected with SMU-B to source read voltage
constantly and measure RF performance at the same time using GSG RF probes. CPW
GSG probes are connected to port 1 and 2 of the DUT and S-parameters are monitored
over DC to 40 GHz. SMU-B connects to port 1 and 2 as well. Two DC probes are con-
nected to port 3 and 4 of the DUT to supply actuation pulses to micro-heater and also to
source/measure voltage/current. DC probes are connected to the common port of a high
performance military grade electromechanical coaxial RF SPDT latching switch (SPDT-
A). An output channel 1 of the SPDT switch is connected to an SMU-A while channel
2 is connected to another similar performance RF SPDT switch (SPDT-B). SPDT-B is a
failsafe switch while SPDT-A is a latching switch. A failsafe switch is incorporated to
ease in reconfigurability. A pulse generator (PG-A) is connected to channel 1 of SPDT-
B and another similar pulse generator (PG-B) is connected to channel 2 of SPDT-B. An
arbitrary function generator’s output is connected to trigger-in functionality of both the
pulse generators. A programmable power supply provides actuation to SPDT-B, which
is controlled by the same trigger signal through the function generator. A real time os-
cilloscope is connected with a weak link to check the pulse shape at the end of the DC
probe to offset any pulse amplitude or width deterioration.

Due to the surrounding temperature in the cryogenic chamber, bias signature to pulse
the device between ON and OFF-state is different. PCM switches are characterized to
achieve full melt-quench cycle by slowly increasing the source voltage and constantly
measuring the current. RF calibrations are performed multiple time during testing at
different temperatures to maintain the accuracy of the measured results. It is extremely
important to perform RF calibration especially at cryogenic temperatures. Due to the
vacuum pressure, temperature drops at a higher speed compared to temperature rise,
thus most of the measurements are performed at 77 K. A relatively slow temperature in-
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crease rate allow taking measurements at various temperatures. Fig. 8.2 shows the pho-
tograph of an automated on-chip cryogenic test setup. Cryo sample stage is shown in
inset highlighting probes, calibration substrate and DUT chips. Fig. 8.2 in the CCD feed
shows PCM GeTe-based SPST switch probed for DC and RF measurements. Keysight
BenchVue is used as a data acquisition and control (DAC) to program the automated
pulse testing and for recording data. The test setup also allows measuring PCM switch
resistance, RF parameters, and micro-heater resistance without changing the probe po-
sitions.

Most of the commonly available pulse generators require at least more than 0.1% duty
cycle. Thus with the smallest pulse width of 200 ns, pulse pattern reaches its limits at
5kHz. To test the switches at low speed and to make sure the state is stable, independent
pulse generators PG-A and PG-B provide amorphous and crystalline pulses respectively.
Both pulse generators are set up to output a single pulse such that the cycle testing fre-
quency can be controlled by trigger-in signal from the function generator. SMU-B source
a constant 100mV to the DUT while measuring change in current. Measured current
from SMU-B is logged at a speed of test frequency with a delay of few milliseconds to
make sure the device gets in stable state before recording a data point. Pulse generators
PG-A and PG-B are connected to the DC probes to the micro-heater pads with the test
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Figure 8.2: Photograph of an automated cryogenic DC and RF testing setup. Inset shows the
inside of cryo sample stage.
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setup frequency set by function generator. Impedance of the micro-heater is stabilized
and matched with the output load impedance of the pulse generators by cycling the de-
vice manually before starting the automated setup, however the PCM switch resistance
is recorded from first cycle onwards. Triggered sync signal from function generator trig-
gers both amorphous and crystalline pulses at the same time while triggering the output
of programmable PSU. A failsafe SPDT connects PG-A or PG-B depending on whether
programmable PSU outputs the actuation signal or not. For pulsing, the test setup fre-
quency is set to 250 ms. SPDT switches toggle the connected equipment at a minimum
speed of 10 ms.

8.1.1 DC Measurements
8.1.1.1 IV Characteristics
IV characteristics of the PCM GeTe-based devices in amorphous state are measured as

shown in Fig. 8.3. Voltage is sourced from 0.1V to 10V at various temperatures and the
current flowing through the device is measured. Cryogenic temperatures improved the
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Figure 8.3: Measured IV characteristics of amorphous PCM GeTe over 77K to 335K. Device
geometry is chosen with high current carrying capacity to allow reasonable current flow.
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amorphous state resistance by more than 6 orders of magnitude. As mentioned earlier,
the temperature rises from 77 K to 294 K at an extremely slow rate.

Recording data points over such a wide temperature range requires constant moni-
toring the cryo stage temperature and performing measurements. Data between 130K
to 210K is not recorded due to timing constraints. Compliance current of 1 mA is set as
an upper bound to avoid damaging the switch. Specific PCM junction geometries are
chosen with relatively high current carrying capacity to avoid reaching compliance cur-
rent at room temperature measurements. Measurements are stopped at the temperature
when current hits compliance.

8.1.1.2 Sub-Teraohm Resistance

Measured resistance of the SPST switch at various temperatures is shown in Fig. 8.4.
Compared to the IV characteristics and resistance of the device at room temperature, at
cryogenic temperatures, more than 6 orders of resistance improvement can be seen by
using operating at 77 K. The PCM GeTe shows metallic behavior in crystalline state that
exhibits consistent low resistivity over a wide temperature range, while in amorphous
state resistance increases more than six-orders of magnitude as a function of decreasing
temperature from 300K to 77 K. At cryogenic temperatures, sub-T() device resistance
is achieved with exceptionally high amorphous to crystalline state resistance ratio as
shown in Fig. 8.4. At low temperatures (below 100K), resistance drops by an order of
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Figure 8.4: Measured OFF-state device resistance with change in applied voltage at different
temperatures.
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magnitude with increasing source voltage. This is due to the localized heat generation
in the resistive PCM device, which results in slight increase of temperature.

8.1.1.3 High Resistance Ratio

Resistance ratio is one of the performance benchmark for PCM-based devices. Typically,
phase change alloys have higher crystalline state resistance than PCM device resistance
in both ON and OFF-state. In crystalline state, PCM GeTe does not show change in resis-
tance, while in amorphous state, resistance increases linearly with the decrease in tem-
perature. Device resistance is measured over a change in temperature. R,, decrease by
approximately 10% with the decrease in temperature while R, increases by more than 6
orders of magnitude with decrease in temperature as shown in Fig. 8.5. Resistance ratio
(Rof/ Ron) shows >1 x 10° Q resistance improvement from 300K to 77K as depicted in

Fig. 8.5. Rof/ Ron >1 x 10'° Q) is achieved at 77 K.

In Fig. 8.5, due to the slow temperature rise in cryogenic chamber after removing
cryogenic fluid, data from 130 K to 220 K is not recorded. Data could not be recorded au-
tomatically due to probe position change in the temperature, and the temperature change
is not linear which makes it hard to predict current temperature in the chamber on spe-
cific time. A linear trend in resistance increase is observed with decreasing temperature
as shown in Fig. 8.5. Similar linear resistance increase trend has been reported in [145].
A recent study of PCM GeTe switch at cryogenic temperature reported a sudden tran-
sition in resistance around 200 K and the resistance remains stable with the decreasing
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Figure 8.5: Measured and fitted PCM device resistance and ratio over temperature.
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temperature [ 146, 147]. It is however not clear in the report about the GeTe composition.
Ge rich thin film or a Te rich thin-film might show relatively different behavior. Such
high resistance can be used in many applications at cryogenic temperatures.

8.1.1.4 Device Cycling at 77 K

PCM switches are cycled using an automated test setup. Device resistance is measured
at each pulsed cycle. Due to the cryogenic temperature, either high voltage or longer
duration pulses are required compared to the bias signature required for room temper-
ature pulsing for adequate and reliable melt-quench sequence. Amorphous pulse of
amplitude 14.8V and width 200 ns cycles the device from low resistance state to high
resistance amorphous state at 77 K, while crystalline pulse of amplitude 8.7 V and width
1.2 ps switches the PCM from amorphous state to crystalline state. Amorphous pulse
amplitude is increased by 1.24 x while crystalline pulse amplitude is scaled by 1.12x at
77 K compared to that is required at 294 K.

Initial few pulses show >1 x 10'° Q resistance ratio, whereas the resistance ratio start
to decrease after few cycles. This is mainly caused by localized heat generation due to
continuous pulsing. After 32-35 pulses, the resistance ratio stabilized to >1 x 10° Q,
which is still 5 orders of magnitude higher than that of achieved at room temperature.
Device resistance is measured for 100 melt-quench pulses as shown in Fig. 8.6.
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Figure 8.6: Device resistance change with number of applied pulses at 77 K. Stable high resis-
tance ratio is achieved at cryogenic temperatures.

219



CH. 8 — Cryogenic PCM RF SwitcHEs 8.1. TEMPERATURE DEPENDENCY

8.1.2 Temperature Dependency of RF Performance

While measuring the IV characteristics, RF performance is measured at the same time
using CPW GSG probes at various temperatures. PCM GeTe-based SPST switches uti-
lize thin-film refractory micro-heater that creates capacitive coupling to the RF signal
line as discussed in chapter 4. Although, PCM GeTe switches exhibit exceptionally high
resistance ratio at DC, the performance improvement does not necessarily translate to RF
regime. The capacitance in the line caused by micro-heater (Cy,,;) determines OFF-state
isolation. Second most dominant parasitic capacitance in the RF signal line is between
two electrodes (Ceont) as discussed in the section 4.2. For RF applications, capacitance
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Figure 8.7: Measured RF performance of PCM GeTe-based RF switch over DC to 40 GHz from
77 K to 300 K.
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in the RF line determines RF performance in conjunction with high resistance value.
Increasing the resistance does not improve RF performance in PCM switches with or
without micro-heater as shown in Fig. 8.7. While, there is no change in the crystalline
state resistance of PCM GeTe, ON-state RF performance is identical for the switches with
or without micro-heater. Embedded micro-heater limits the cut-off frequency of the RF
PCM switch with limited isolation performance as shown in Fig. 8.7.

Depending on the design geometry and junction dimensions of the PCM GeTe-based
RF SPST switches, the performance does not vary over a wide temperature range, which
confirms the RF performance stability of the developed switches. Insertion loss improves
by approximately 10% at low temperatures. No performance degradation has been ob-
served in the measurements from 77K to 300 K. At low temperatures, switch actuation
conditions are different than that required at room temperature.

8.2 Intermediate Resistance States in PCM GeTe

Chalcogenides are fundamentally classified as binary resistive materials and the resis-
tance of the material depends on its current phase. Amorphous and crystalline are the
two states where a chalcogenide material demonstrate orders of magnitude resistance
change. Depending on the device geometry and actuation method selected (direct or
indirect heating), a partial melt-quench sequence latches the material in one of the two
prominent states partially which leads to new observed states of resistance in between a
crystalline and amorphous phase. Recent report on the formation of dendrite filaments
in phase change memories show similar behavior when a dendrite connects two elec-
trodes with overall resistance of the device lower than that of amorphous state [148].
Similar reports are published for phase change memories utilizing GST alloys which
show intermediate resistance states [ 145, 149-152]. Most of the recently reported results
highlight applications in multi-stage memory storage [ 153-157]. Intermediate resistance
states in PCM have not been fully investigated at cryogenic temperatures so far.

8.2.1 At Cryogenic Temperature

While characterizing the actuation pulse requirements at cryogenic temperatures, inter-
mediate resistance states in PCM GeTe have been observed. Due to the extremely cold
surrounding temperature, pulse amplitude or width are optimized to transport suffi-
cient energy to the PCM GeTe. At 77K, PCM switches demonstrate >1 x 10° Q stable
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resistance change. Amorphous pulse of 14.8V, 200ns width and crystalline pulse of
8.7V, 1.2 us width latches the PCM GeTe between low and high resistance states. Volt-
age pulse amplitudes for both amorphous and crystalline pulses are provided in 100 mV
increments. At certain voltage level, due to semi melt-quench sequence in the material,
PCM GeTe latches in intermediate resistance state between amorphous and crystalline
phase.

Non-volatile reversible intermediate resistance states in GeTe are not very well in-
vestigated. Intermediate states are investigated at cryogenic and room temperature. At
77K, 100 mV voltage is sourced to the device to avoid self heating. Crystalline and amor-
phous pulses of varying amplitude are applied to the micro-heater to cycle the device.
Resistance states for 22 unique pulses are investigated to confirm the behavior as shown
in Fig. 8.8. Initially the device is pulsed to fully amorphous state and the first crystalline
pulse is applied to switch the material into crystalline state. Second pulse of slightly
lower amplitude is applied, but due to the lack of sufficient thermal transport, the device
did not switch to amorphous state, rather the resistance is increased by 2.4 (). Similarly,
a pulse similar in characteristics to pulse 2 is applied, and the resistance increases by
close to two orders of magnitude. Pulse 4 raises the resistance by few ohms than the
previous state. At pulse 5, the device is nether in crystalline nor in amorphous state. An
amorphous pulse is then applied and the device switches fully to amorphous state, fol-
lowed by a pulse with amplitude lower than the crystalline pulse. The device switches
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Figure 8.8: Measured reversible intermediate resistance states in PCM GeTe at 77 K with the
application of crystalline and amorphous pulses of varying amplitude.
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back to intermediate resistance state. Similar pulse variations are followed to confirm
non-volatile reversible intermediate resistance states in PCM GeTe. Markers (A; and
Ajy) denote when a low amplitude amorphous pulse is supplied, but the device fail to
fully actuate. Markers (C;, C2 and C3) show when a crystalline pulse of varying ampli-
tude is applied, but the switch fail to fully actuate. Missed actuations or failure points
are due to the surrounding temperature. At 77K, the device require high thermal energy
to achieve full or semi melt-quench sequence.

8.2.2 At Room Temperature

Testing sequence is followed for the device at room temperature (293 K) similar to that
described in previous section. Reversible intermediate resistance states are observed
at room temperature. During characterization of the PCM GeTe-based switch, if the
amplitude margin between subsequent pulses is reduced to a point where the thermal
transport does not perform full melt-quench sequence, PCM GeTe switch latches in in-
termediate resistance state. Intermediate resistance states occur when the PCM is not
in fully amorphous or crystalline state, but rather only part of the material is in amor-
phous state. This is due to the lack of efficient thermal transport. Pushing energy into
the PCM when to achieve a full melt-quench sequence makes the device a switch with
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Figure 8.9: Measured reversible intermediate resistance states in PCM GeTe at 293 K with the
application of crystalline and amorphous pulses of varying amplitude.
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high amorphous to crystalline resistance ratio. Partial melt-quench cycle allows achiev-
ing low resistance ratio.

Measured intermediate reversible resistance states observed at room temperature
with varying voltage is shown in Fig. 8.9. Initially the device is pulsed to start from
a fully crystalline state. At pulse 1, the device is cycled to fully amorphous state with
the application of 12V, 200ns pulse. Subsequent pulses of varying amplitude latches
the PCM GeTe device into resistance states between amorphous and crystalline state.
Resistance tuning at room temperature can be achieved from crystalline state resistance
up to 400 Q. The transition period between an upper bound of the semi melt-quench se-
quency (intermediate resistance up to 400 Q) to a full melt-quench (amorphous state)
is extremely hard to control. A slight increase in either voltage or pulse width increases
to its full amorphous state.

As discussed above, the PCM switches require appropriate thermal transport for
melt-quench sequence, which impacts the reliability of the switch. While characteriz-
ing the switches, if more than required heat is fed to the PCM either due to high voltage
pulse/longer than required pulse width or a poor choice of dielectric between micro-
heater and PCM. Two possible failures can occur; either high power pulse damages the
refractory micro-heater or it melts the PCM due to poor thermals. The partial melt-
quench phenomenon exhibits reversible resistance change that can be used in tremen-
dous applications. Unlike at the cryogenic temperatures, missed actuations occurred
due to the cold surrounding temperature, this is not prominent at room temperature.
Possible applications of intermediate resistance states include but not limited to precise
tuning of resistance in reconfigurable circuits, improving the reliability of the device at
cryogenic temperatures by latching the device in an intermediate state and then cooling
the device to improve the resistance, tunable resistors at DC to name a few.

8.2.3 Stability of Intermediate Resistance State

Non-volatility or stability of reversible resistance states are measured for an hour. At
77 K, when providing actuation pulses, localized heat generation from the micro-heater
change the surrounding temperature around the device. With the low surrounding tem-
perature, resistance start to increase and becomes stable at a specific temperature as
shown in Fig. 8.10. Same device is latched into two different resistance states 1 (385 Q)
and 2 (154 Q)). Shaded portion shows when the resistance linearly increases due to
the gradient in the surrounding temperature. The gradient sets to 77K after few min-
utes. Apart from very small localized heating, another factor that contributed to slightly
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Figure 8.10: Measured stability of intermediate resistance states at 77 K over a period of 60 mins.

warmer temperature is the light source used for CCD camera to observe the chip in the
chamber. During the stability test the device is cycled to latch in a specific intermediate
resistance state and the lamp luminance is turned off. As per the measured IV character-
istics, cryogenic temperature improves the device resistance. The device is latched at a
certain resistance state, which is partially in amorphous state and partially in crystalline
state, thus the resistance improvement is confined to £2.6% to +3.5% only. Latching
nature of the PCM GeTe in intermediate resistance states is validated over the duration
of 60 mins.

PCM GeTe’s stability over a wide temperature range ranging from cryogenic tem-
perature 77 K to hot temperature 335 K demonstrate stable RF performance makes this
technology useful in a wide range of applications. Partial melt-quench of the material
which leads to latching the switch in intermediate resistance states with reversible behav-
ior open doors for the development of tremendous reconfigurable circuits. At cryogenic
temperatures, PCM GeTe exhibits more than 1 x 1010 Q resistance which is six orders of
magnitude improvement than that of measured at room temperature.

s
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Chapter 9

Conclusions and Future Directions

The main focus of this doctoral thesis is on the development of high performance and
reliable mmWave PCM GeTe-based RF switches, multi-port switches, switch matrices
in various configurations, experimental investigation on transient thermal behavior, and
development of various monolithically integrated mmWave RF components. The major
contributions of this research are summarized below.

9.1 Contributions

Development of Reliable PCM GeTe-based RF switches for mmWave applica-
tions

The primary contribution of this research is to develop high-performance and re-
liable PCM GeTe-based RF switches with RF performance surpassing the current
state-of-the-art in terms of low-loss, extended frequency range and reduced de-
vice area. RF PCM switches reported in literature have poor RF performance at
mmWave frequencies. PCM GeTe is characterized and optimized with the use of
atomic force microscopy, scanning electron microscopy and other material char-
acterization methods. Three custom microfabrication processes are developed in-
house for three generation of RF switches with improvement in RF performance
and reliability achieved in each subsequent microfabrication process. Various
design parameters of the RF PCM switches are studied to improve the RF per-
formance. RF PCM switches developed using Gen 3 microfabrication process
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demonstrate exceptional RF performance from DC to 67 GHz. RF power handling
capacity of the switches has been experimentally investigated. Linearity and in-
termodulation distortion, third order intercept point (IP3) of the PCM switches
is measured for different set of input parameters. IV characteristics of the devices
are investigated for different device geometries to study the self-actuation and cur-
rent carrying capacity of the switches. Self-actuation in RF PCM switches using
high RF power is observed which is related to the current carrying capacity of the
switches. Various parasitic elements affecting the RF performance in switches has
been reported. A lumped model of the RF switch is developed which matches the
measurement data. Device switching pulse parameters are studied to determine
actuation limits. An automated test-bench is configured to measure the device
lifetime cycles and reliability. RF PCM switches are developed demonstrating
more than 1 million switching cycles experimentally. Reliability in non-volatile
device resistance is also investigated. A multi-port RF switch is compared with
the current state-of-the-art highlighting the developed PCM switches surpassing
the conventional switches in terms of operating frequency range, miniature die
size, latching functionality, and low-loss.

Experimental investigation on transient heat distribution and thermal actuation
crosstalk in GeTe RF Switches

PCM GeTe-based RF switches require high speed embedded thin-film refractory
micro-heaters to provide actuation pulse signal. GeTe required more than 725 °C
heat for sub nano-microsecond duration to achieve a full melt-quench sequence
for reversible phase change operation. Embedded refractory ultra high speed
micro-heaters are developed. Heat profile of the micro-heaters are studied us-
ing FEM modeling. For the first time ever, transient thermal performance of the
micro-heaters for PCM switches are experimentally investigated using thermore-
flectance based transient thermal imaging technique with nanosecond spatial res-
olution. Heat distribution is investigated to optimize the micro-heaters and RF
switches. FEM models are reverse engineered to match with experimental re-
sults to accurately predict cross-section thermal performance of RF PCM switches.
FEM models are developed to study the transient heat distribution at switch junc-
tion to optimize the microfabrication process. Due to high temperature require-
ments of PCM based switches, thermal crosstalk in RF switches is also experi-
mentally investigated for the first time. Measured cross-section profiles of heat
distribution provides accurate safe limits of dense integration of PCM switches in
multi-port switching networks and reconfigurable RF circuits.
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Development of multi-port PCM-based RF switches and monolithically inte-
grated miniaturized switch matrices

Multi-port switches are an integral part of any reconfigurable and switchable RF
system. Multi-port switch configuration SPNT provides the flexibility to route
the RF signals at input port to any available output port. Various multi-port PCM
GeTe-based RF switches are developed in SP2T, SP3T, SP8T and SP16T configu-
rations. The SP2T and SP3T switches are highly miniaturized and can be easily
integrated in various reconfigurable RF devices. Kaleidoscope design approach is
used to reduce the overall die size of SP8T and SP16T switches. Design symmetry
is incorporated in multi-port switches to keep the RF performance identical from
port to port. Various RF switch matrix configurations are investigated. A scal-
able 2 x 2 switch matrix unit-cell is developed and a reconfigurable band reject
circuit is fabricated by monolithically integrating multi-port switches, resonators
and switch matrix unit-cell. A compact mmWave T-type switch is developed with
outstanding RF performance from DC to 67 GHz. A broadband DC to 60 GHz
monolithically integrated 4 x 6 redundancy switch matrix is developed utilizing
cascaded T-type switching unit-cells. Crossbar switch matricesin2 x 2 and 4 x 4
configurations are developed with highly compact device footprints. Crossbar
switch matrices up to 16 x 16 ports are also developed for DC or low-frequency
applications.

Demonstration of reconfigurable monolithically integrated PCM GeTe-based
RF components

The RF PCM SPST and SPNT switches are incorporated into various RF compo-
nents. Switchable PCM based capacitor banks are developed in 6-bit configura-
tions, providing up to 64 capacitance states. Self resonance frequency improve-
ment technique for on-chip integrated MIM capacitors utilized in capacitor bank
is discussed. A rotary switchable 8-bit capacitor bank is developed for tunable
RF components requiring inductive component tuning at mmWave frequencies.
A miniaturized PCM-based 4-bit (16 states) latching variable attenuator is devel-
oped for 28 GHz band with wideband operation and high attenuation range. A
scalable T-type switch based 3-bit variable attenuator topology is also fabricated
to reduce number of redundant states. Broadband on-chip thin-film embedded
resistors and resistor networks are developed with minimum resistance devia-
tion across operation bandwidth. Miniature monolithically integrated switched
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type phase shifters are developed for mmWave applications with SP3T and SP8T
switches. A hybrid coupler is optimized for mmWave frequencies which is mono-
lithically integrated to design PCM-based reflective type phase shifter. A reconfig-
urable impedance matching network is designed with integrated capacitor banks
as tuning elements. This doctoral research reports the first implementation of
such an extensive set of PCM-based RF components.

Characterization of PCM GeTe RF Switches at Cryogenic Temperature

RF PCM switches are characterized at cryogenic temperature. PCM switches ex-
hibited more than 11 orders of resistance change at 77 K. Resistance in amorphous
state and crystalline state of PCM switches is studied with change in temperature
from 77 K to 335K. IV characteristics and RF performance of the PCM switches
is recorded over time. Improved resistance ratio between amorphous and crys-
talline state at 77 K is achieved with an improvement of six orders of magnitude
compared to room temperature performance. Sub-T() resistance range at cryo-
genic temperature is reported. Benchmarked bias conditions for PCM switches
are tested at low temperatures. RF performance is studies over a wide tempera-
ture range, showing stable RF performance due to dominant capacitive coupling.
RF performance is investigated for switches with and without embedded micro-
heaters.

Investigation of Intermediate Resistance States in PCM GeTe

Intermediate resistance states in GeTe PCM switches are observed in the tem-
perature range 77 K to 293 K. Resistance states occur due to partial melt-quench
which latches the GeTe in a resistance state in between two binary amorphous and
crystalline states. Intermediate resistance states are reversible non-volatile states
which are confirmed by studying the stability of the states over time with less than
average +3% resistance change. Intermediate resistance states allow developing
reconfigurable circuits which require precise tuning of resistance in discrete steps.

9.2 Future Work

Based on the thesis contributions, it is clear that PCM GeTe-based RF switches demon-
strate tremendous potential for mmWave applications. Various reconfigurable RF com-
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ponents proves the potential of PCM technology for future wireless networks. Following
are some of the possible future directions that can take this research step further:

Improving the RF Performance

The RF switch topology used in this research work is limited by the OFF-state perfor-
mance as the embedded micro-heater adds unwanted parasitic capacitance in the RF
signal line. If the micro-fabrication process allows planarization, the heater width can
be reduced further to mitigate step profile in PCM GeTe. Other topology such as an
array of PCM vias possibly improve the isolation.

Precise Tuning of Reconfigurable Circuits

Intermediate resistance states in PCM GeTe open door for developing reconfigurable
circuits that require multi-step tuning using a single tuning element. This will further
reduce the number of tuning elements (switches) and provide fine tuning range utilizing
various resistance states from a single PCM switch.

Monolithically Integrated PCM GeTe-based Superconducting RF Cir-
cuits

The demonstration of stable RF performance over a wide temperature range allows oper-
ation of PCM switches at cryogenic temperatures. Thin-films limit the design of lumped
components due to the resistance of the metal with limited-Q. Niobium (Nb) based
multi-layer superconducting circuits provides the flexibility of developing high-Q pas-
sive components and PCM microfabrication process can be monolithically developed
on top of superconducting circuits. The idea is to use the PCM switching functional-
ity, while RF circuitry can be made using superconducting metal. This allows extreme
miniaturization and allows development of high performance integrated circuits.

Heterogenous Integration Possibilities
Heterogenous integration provides quick, simple and cost effective solution to develop

reconfigurable RF components. Small die size of PCM switches can be integrated ei-
ther using flip-chip method or wire-bonds with various multi-layer technologies such
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as CMOS, Low Temperature Co-fired Ceramic (LTCC) circuits or multi-layer PCBs. It is
quite common to etch cavities in the top substrate of any multi-layer process. PCM dies
can be flushed into the cavities to reduce the length of wire-bonds.

Optically Tuned Reconfigurable PCM Devices

One possibility is to optically change the PCM states between amorphous and crystalline.
This will allow removing the micro-heaters for improved RF performance and optical el-
ements such as lasers can be used to reconfigure the PCM elements. Lasers have been
used to read and write the phase change memories such as CD/DVDs. Similar mecha-
nism provides potential in developing automated reconfigurable optically tuned PCM
devices and components.
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Appendix A

Microfabrication Process Steps

A.1 Gen 3 Microfabrication Process Flow Sequence

Step 1. Wafer preparation ® 45 min

The first step to a successful microfabrication process is to have a wafer surface
free from any organic matter. Ultrasonic bath and RCA1 are standard cleaning
procedures. Optionally piranha cleaning can be used.

1. Ultrasonicbath @ . ... ..o X 10 min
Materials required: Pure acetone, pyrex bath containers, ultrasonic cham-
ber, hot plate

(a) Individual wafers or wafer cassettes submerged into pure acetone beaker
in ultrasonic bath chamber.

i. Set ultrasonication power ¥ to maximum available
(b) Rinse wafers with acetone, isopropanol (IPA), and deionized (DI) water.
(c) Heat wafers on hotplate & 120 °C.
2. RCA-Tcleaning dh ... ..ot X 30min

Materials required: Hot plate, Ammonia hydroxide (NH4OH), hydrogen
peroxide (H,O;), pyrex bath containers

Legend: A Warning, use with caution. @ Safe to use. @ Don’t do this. © Equipment dependent.
©3 Reuse. £ Equipment, @ Process time, <.* Spin speed, & Mixture, & Temperature.
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(a) RCA-1 or SC-1 is the standard procedure for removing organic residue
and films from wafers. This process oxidizes the silicon wafers and leaves
a thin oxide layer, which should be removed if desired.

i. Set hot plate to & 70 °C.

ii. Heat a mixture of & 5 parts DI water and & 1 part NH;OH on hot
plate.

iii. Once the temperature of the solution reaches & 70°C, add & 1 part
H>0O, to the mixture.

iv. Wait for the solution to bubble vigorously, usually @ 2-3 minutes.
(b) Soak the silicon wafers in the solution for @ 15 min.

(c) Transfer the wafers to a container with overflowing DI water to rinse and
remove the solution.

(d) Heat wafers on hotplate & 120 °C for @ 3 min.

Clean up For proper disposal of the RCA-1 solution, dilute with cold water, let
cool for @ 10 min, then pour down the drain with plenty of cold water
to flush.

@ €% Don’t use the old RCA-1 solution as it loses its effectiveness in less than
a day and within © 30 min at & 70 °C.
3. Oy plasmaashing@ @ ... .. i & 5min

£ Yield Engineering Systems CV200RFS Oxygen Plasma Asher

(a) Plasma cleaning or ashing can effectively remove organic material that
is difficult to remove by solvent cleaning. Ashing is a dry cleaning pro-
cedure.

¥ RF power — 1 kW
Pressure — 300 mTorr
& Temperature — 180 °C
O, flow — 50 sccm
N> flow — 0sccm
® Duration — 2 min

= Remarks: Combined all three cleaning procedures mentioned ensures near
perfect substrate to start the microfabrication process. However, if the wafers
are relatively clean either one of the mentioned cleaning steps is adequate
enough to clean the substrate.
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Step 2. Substrate oxide (D0) deposition ® 8 min/wafer + 15 min

Substrate oxide can be grown thermally by wet or dry oxide growth methods. For
non-silicon substrates; PECVD, ALD, or sputtering are preferred choices. PECVD
growth method is used in presented microfabrication process flow.

1. Load lock pump and vent time including wafer transfer time ..... X 7 min
2. Clean and preconditioning (pilot wafer) @@ ..................... X 15 min
3. Deposit 60 nm to 80 nm SiO, (TEOS-based) @ © ................. X 1 min

¥ Oxford Instruments System 100 PECVD / FlexAL ALD Cluster System
2 Deposition rate — 16.5 A/ sec

& Temperature — 330 °C

® Duration — 36 sec to 48 sec

4. Uniformity check @ @ ..... ... ..., & 5 min
£ Woolam M-2000 Model DI Ellipsometer /Filmetrics F50 Reflectometer

= Remarks: Layer thickness and optical constants are also verified using el-
lipsometry (% Woolam M-2000 Model DI Ellipsometer) and reflectometry
(%* Filmetrics F50 Reflectometer).

Step 3. Metal (M0) deposition @ 5.5 hr/wafer

Refractory micro-heaters utilize MO layer. Tungsten (W) micro-heaters are dc
sputtered and deposited at elevated temperate to reduce thin-film resistance and
resistance variance across wafer.

1. Load lock pump and vent time including wafer transfer time ...... X 6min

2. Mount graphite thermally conductive flexible thin films between wafer and
holder to uniformly distribute temperature which reduce resistance variance
across wafer.

3. Substrate heating to & 850°C . ........oovuiiiiiiiiii e X 20 min
4. Deposit 50nm W@ @ ... X 5min
£ Angstrom Engineering Nexdep PVD DC/RF Sputtering System
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¥ RF power density — 2.96 W/cm? (60 sec) and 4.93W /cm? (260 sec)
Pressure — 1.2 mTorr
& Temperature — 850 °C
Ar Flow — 20 sccm
© Duration — 320 sec
s Deposition rate — 15.6 A / sec
5. Substrate cooldown to room temperature ................ ... ... & 5hr

6. Measure sheet resistance acrosswafer@© ....................... & 5min

= Remarks: High resistivity thin W films should be chosen if paired with con-
ductive bias lines to bias network offset resistance and for adequate bias pulse
delivery.

Step 4. Lithography O 30 min/wafer

Maskless UV direct write lithography with positive tone photoresist.

1. Clean surface using plasma ashing before lithography @ © ....... X 5min

¥ Yield Engineering Systems CV2000RFS Oxygen Plasma Asher
¥ RF power — 300 W
Pressure — 300 mTorr
&, Temperature — 60 °C
O, flow — 50 sccm
® Duration — 2 min

2. Coat substrate with positive tone S1811 photoresist & ............ X 4 min
¥ Brewer Science CEE 200X Spin Coater and 1300X Vacuum Hotplate
Materials required: Shipley S1811 photoresist, pipette

/* Dispense photoresist — 5ml to 7 ml
# Align edge bead removal (EBR) and back side rinsing (BSR) nozzles

2% Spin speed — 500 rpm, & ramp 100rpm/ sec for first @ 5sec and at
5000 rpm, &) ramp 1000 rpm/ sec for the rest @ 60 sec + EBR + BSR
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& Pre-bake temperature — 110 °C for @ 90 sec
& Cooldown wafer on metal chuck — ® 60 sec

3. UV direct write layer pattern @@ ..., X 10min

¥ Heidelberg Instruments MLA150 Direct Write UV Lithography System
Laser — 405nm
& Dose — 100 mJ/cm?

Defocus — -2

4. Develop the exposed photoresist A ................cooiiiiini... X 3 min
¥ RaynoldsTech UV Development Hood
Materials Required: Microposit MF-319 developer, pyrex bath containers

(a) Prepare one bath of MF-319 resist developer and second bath of DI water
(b) Develop the exposed wafer in MF-319 for @ 45 sec to 60 sec
(c) Rinse the wafer in DI water bath for @ 2 min

5. Inspect wafer under optical microscope @ ........................ & 2 min
£ Olympus MX-61A Semiconductor Microscope
6. Descum unwanted photoresist particles@ @ ...................... & 5min

£ Yield Engineering Systems CV2000RFS Oxygen Plasma Asher
¥ RF power — 100 W
Pressure — 300 mTorr
& Temperature — 30 °C
O, flow — 35sccm
® Duration — 2 min

= Remarks: This recipe guarantees 1 ym feature size and optimum timing of
development time along with dose and defocus can provide less than 1 ym
features.

Step 5. Metal (MO) etching ® 9 min/wafer + 15 min
MO layer is etched using reactive ion etching (RIE).
1. Load lock pump and vent time including wafer transfer time ...... X 8min
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2. Btch 50nm W @ O o X 5min

¥ Oxford Instruments Plasmalab System 100 ICP380 Etching System
¥ RF power — 20 W at 13.56 MHz
¥ ICP power — 1200 W at 2MHz
Pressure — 20 mTorr (strike and breakthrough)
& Temperature — 15°C
SFg¢ flow — 15 scem
CHF; flow — 15 scecm
N> flow — 15scecm
& Helium (He) backing — 7 Torr
S Ftch rate — 11.7 A/ sec
@ Etch Duration — 45 sec

3. O, plasma chamber cleaning after processing wafers @@ ....... & 15min

= Remarks: This recipe provides selectivity W:Photoresist = 6.8:1

Step 6. Resist removal O 12 min/wafer

Standard resist stripping includes removal of photoresist using solvents followed
by plasma striping.

1. Resist removal using solvents A .. X 2 min

Materials required: Acetone, IPA, DI water, pyrex bath containers

(a) Rinse the wafer in acetone bath for @ 2 min followed by IPA and DI water
rinse. Blow dry the wafer using nitrogen.

£# RaynoldsTech Solvent Bench
2. Strip photoresist using plasma stripper @@ ..................... X 10min
£ Yield Engineering Systems CV200RFS Oxygen Plasma Asher
¥ RF power — 300 W
Pressure — 300 mTorr
&, Temperature — 30 °C
O, flow — 50 sccm
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© Duration — 10 min

3. Inspect wafer under optical microscope @ ........................ & 2 min
£ Olympus MX-61A Semiconductor Microscope

4. Measure layer thickness using stylus profilometer @ .............. & 5min
£ Bruker DektakXT Stylus Profiler

= Remarks: Plasma stripping is optional. For dry etched wafers with plasma
exposure time less than 2min, acetone bath for longer duration clears the
photoresist. However, plasma stripping ensures proper cleaning.

Step 7. Metal (M1) deposition O 25 min/wafer

For SPST switches or devices with bias network resistance less than micro-heater
resistor, M0 can be used for providing bias signals. Conductive bias lines are re-
quired for devices with complex routing patterns to ensure the resistance of the
bias network remains less than that of micro-heater. Sputtered silver (Ag) bias
network is used in Gen 3 microfabrication process.

1. Load lock pump and vent time including wafer transfer time .... X 15min
¥ AJA International Inc. ATC Orion Series Twin Chamber PVD System
2. Deposit 70nm to 100nm Ag@ © ... X 5min

¥ RF power density — 1.97 W /cm?
Pressure — 3 mTorr
& Temperature — 20 °C
Ar Flow — 27 sccm
© Duration — 210 sec to 300 sec
2 Deposition rate — 3.3 A/ sec
3. Measure sheet resistance (if first layer, or on pilot wafer) @@ ....... & 5min

¥ Creative Design Engineering, Inc. CDE ResMap 148 4-Point Prober

= Remarks: Sputter deposition of Ag is preferred for its high speed deposition
rate. Evaporation (e-beam) deposition generally has slow deposition rate
and without load-lock e-beam system require very long pump down time.
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Step 8. Lithography © 30 min/wafer

Repeat procedure given in Step 4 with only exception to Step 4.1. Instead of
& 300 W RF power, only ¥ 100 W power is used.

Step 9. Metal (M1) etching ® 9 min/wafer + 15 min

It is preferred to etch Ag using ion milling as RIE does not generally provide
residue free etching and have slow etch rates. Meanwhile, due to the thin M0
layer underneath, the inconsistency in ion milling etching rates and selectivity to
W did not provide repeatable results. RIE recipe is improved by using Ar/CFy
chemistry to get residue free films with fast etch rates.

1. Load lock pump and vent time including wafer transfer time ...... X 8min
2. Btch70nm Ag @ © ..o & 32 sec

£ Oxford Instruments Plasmalab System 100 ICP380 Etching System
¥ Bias voltage — —180V
¥ ICP power — 1500 W at 13.56 MHz
Pressure — 6 mTorr (strike at 20 mTorr)
& Temperature — 15°C
Ar flow — 30 sccm
CF4 flow — 30 sccm
2. Helium (He) backing — 7 Torr
2 FBtch rate — 23.3 A/ sec
® Etch Duration — 32 sec

3. O, plasma chamber cleaning after processing wafers @@ ....... & 15min

= Remarks: This recipe provides selectivity W:Ag = 1:2

Step 10. Resist removal ® 30 min/wafer

Repeat procedure given in Step 6. Agitate wafer in acetone bath to remove as
much photoresist as possible before ashing.
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Step 11. Dielectric (V12) deposition © 4.5 hr/wafer

AIN barrier layer is RF sputtered. Thin SiNx or other thermally conductive lay-
ers can also be used. High thermal conductivity of AIN ensures adequate melt-
quench sequence and better RF isolation performance.

1. Load lock pump and vent time including wafer transfer time ...... X 6min

2. Mount graphite thermally conductive flexible thin films between wafer and
holder to uniformly distribute temperature which reduce resistance variance
across wafer.

3. Substrate heating to & 500°C .......vuuiiiieii e X 10 min
4. Deposit 100nm AIN@ © ... X 5min

£ Angstrom Engineering Nexdep PVD DC/RF Sputtering System
¥ RF power density — 6.67 W/cm?
Pressure — 3 mTorr
& Temperature — 500 °C
Ar flow — 20 sccm
N> flow — 14 sccm
® Duration — 470 sec
2 Deposition rate — 2.12 A/ sec
5. Substrate cooldown to room temperature .................. ... & 4hr
6. Measure uniformity, optical constants and thickness @@ ........ & 10min

£ Woolam M-2000 Model DI Ellipsometer

Remarks: Ellipsometry requires a model that matches closely to extract ma-
terial properties. Measurements are usually performed on first or second
pilot/test wafers.

Step 12. Lithography ® 40 min/wafer + 30 min

To enhance photoresist adhesion, dielectric layers especially Si, SiO;, SiNx require
hexamethyl disilazane (C3HgSi) or simply HMDS coating prior to any lithography
step. HMDS layer is coated on AIN to ensure adequate resist adhesion.
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1. Monomolecular 5 A HMDS vapor priming @@ ................. X 30min
¥ Yield Engineering Systems 310TA HMDS Coater and Image Reversal System

Repeat procedure given in Step 8. @ 10 min additional for correct mask verifica-
tion and subsequent layer alignment procedure on direct write system.

Step 13. Dielectric (V12) etching ® 5 min/wafer + 15 min

It is preferred to etch Ag using ion milling as RIE does not generally provide
residue free etching and have slow etch rates. Meanwhile, due to the thin MO
layer underneath, the inconsistency in ion milling etching rates and selectivity to
W did not provide repeatable results. RIE recipe is improved by using Ar/CFy
chemistry to get residue free films with fast etch rates.

1. Load lock pump and vent time including wafer transfer time ...... X 4min
2. Etch100nm AIN @ @ ... o w 14sec

£ Oxford Instruments PlasmaPro 100 Cobra®® ICP Etching System
¥ RF power — 2000 W at 13.56 MHz
¥ ICP power — 1200 W at 2MHz
Pressure — 40 mTorr
& Temperature — 15 °C
Ar flow — 50 scem
CF4 flow — 80 sccm
& Helium (He) backing — 10 Torr
2 Etch rate — 71.4 A/ sec
® Etch Duration — 14 sec

3. O, plasma chamber cleaning after processing wafers @@ ....... & 15min

= Remarks: Etch rates can be controlled using lower RF power in conjunction
with lower gas flow rates.

Step 14. Resist removal O 30 min/wafer

Repeat procedure given in Step 6.
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Step 15. GeTe (PC) deposition O 3 hr/wafer

GeTe thin films are dc sputtered at low temperature and annealed in Ar environ-
ment.

1. Load lock pump and vent time including wafer transfer time ...... X 6min

2. Mount graphite thermally conductive flexible thin films between wafer and
holder to uniformly distribute temperature which reduce resistance variance
across wafer.

3. Substrate heating to & 100°C ... ......oviiiiiiiiiii X 10 min
4. Deposit 130nm GeTe @@ ...t X 5.5min

£ Angstrom Engineering Nexdep PVD DC/RF Sputtering System
¥ RF power density — 3 W/cm?
Pressure — 3 mTorr
% Deposition temperature — 100 °C
& Annealing temperature — 200 °C
Ar flow — 20 sccm
© Duration — 342 sec
s Deposition rate — 3.83 A/ sec

5. Substrate annealing inside deposition chamber with Ar .......... X 30 min
6. Substrate cooldown to room temperature .................. .. ... & 2hr
7. Measure sheet resistance (if first layer, or on pilot wafer) @@ ....... & 5min

¥ Creative Design Engineering, Inc. CDE ResMap 148 4-Point Prober

= Remarks: GeTe films deposited at elevated temperature and annealed in
chamber provides stress-free, low resistance thin films.

Step 16. Lithography ® 40 min/wafer

Repeat procedure given in Step 8. @ 10 min additional for correct mask verifica-
tion and subsequent layer alignment procedure on direct write system.
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Step 17. GeTe (PC) etching @ 1 hr/wafer

Ion milling is preferred to etch GeTe which can still be etched using RIE. Due to the
high etch rate of Ar/CF; chemistry and poor selectivity with AIN or SiNx films,
ion milling recipe is optimized to control etch rates.

1. Load lock pump and vent time including wafer transfer time .... X 45min

2. Btch 130nm GeTe @ @ ..o u 6sec

¥ AJA International Inc. ATC-2035 Ion Milling System
¥ Beam voltage and current — 400V, 190 mA
¥ Accelerating voltage and current — 75V, 1000 mA
¥ RF forward power — 200 W
Pressure — 3 mTorr
& Temperature — 20 °C
Ar flow — 18 sccm
2 Etch rate — 5.41 A/ sec
® Etch Duration — 4 min

3. Optical verification of the sample, stylus profile if required @ @ ... & 5min

= Remarks: This recipe ensures no resist heating/burning which is common
in ion milling if high etch power if used to improve etch rates.

Step 18. Resist removal O 30 min/wafer

Repeat procedure given in Step 6.
Step 19. Lithography (Bi-layer resist) © 40 min/wafer

Maskless UV direct write lithography with bi-layer photoresist for lift-off process.

1. Repeat SteP 4.1 ...ttt et X 5min
2. Coat substrate with positive tone PMGI SF7 photoresist A ........ X 4 min
£ Brewer Science CEE 200X Spin Coater and 1300X Vacuum Hotplate
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Materials required: PMGI SF7 photoresist, pipette
Z* Dispense photoresist — 5ml to 7 ml
& Align edge bead removal (EBR) and back side rinsing (BSR) nozzles

% Spin speed — 500 rpm, & ramp 100 rpm/ sec for first @ 5sec and at
5000 rpm, £ ramp 1000 rpm/ sec for the rest @ 60 sec + EBR + BSR

# Pre-bake temperature — 140 °C for @ 90 sec
& Cooldown wafer on metal chuck — ® 60 sec
3. Repeat Step 4.2 ....... ... X 4 min
4. UV direct write layer align and pattern@© ..................... X 20min
¥ Heidelberg Instruments MLA150 Direct Write UV Lithography System
Laser — 405nm
8 Dose — 120 m]J/cm?
Defocus — 1
5. Repeat Step 4.4 t0 4.6 ..o X 10 min
6. E-beam lithography (EBL) for features <1ym @@ ................. X 5hr
¥ JEOL JBX-6300FS 100 kV Electron Beam Lithography System
EOS mode 3 — 4" Lens
& Dose — Depends on EBL resist and simulation
Focus parameters — Vary, depends on beam current and calibration

= Remarks: To speed up this multi lithography step, larger features can be ex-
posed using direct write UV lithography and smaller features can be written
using EBL. This requires careful choice of resists and near perfect layer align-
ment. EBL 100kV system guarantees <5nm features.

Step 20. Metal (M2) deposition @ 1.5hr

Metal layer M2 is deposited using evaporation (e-beam) with chrome (Cr) seed
layer. Nickel (Ni) or titanium (Ti) can also be used as a seed layer for gold (Au).
Lithography step with bi-layer resist is used before depositing M2 layer for lift-off
procedure.

1. Load lock pump and vent time including wafer transfer time ....... X lhr
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2. Deposit 380nm Cr/Au@ @ ... X 30 min

¥ Intlvac Nanochrome II E-beam PVD System
% Beam voltage — 5 kW
Base pressure — <1 x 107 Torr
® Cr deposition duration — 100 sec
s Deposition rate — 3 A/ sec
® Au deposition duration — 25 min
2 Deposition rate — 2 A/ sec

= Remarks: E-beam deposition is generally slower than sputtering, but for nar-
row PCM channels, e-beam is preferred to avoid any sidewall residue. Thin
films on up to 5 wafers can be deposited simultaneously in e-beam system.

Step 21. Lift-off ® 1.5 hr

Lift-off time depends heavily on metal layer thickness and layer density.
1. Lift-off bi-layer resist A ..........oooiiiiiiii X 60min
Materials required: PG remover, pyrex bath containers, hot plate

(a) Individual wafers or wafer cassettes submerged into PG remover.
i. Heat PG remover to & 60 °C.
(b) Rinse wafers with isopropanol (IPA), and deionized (DI) water.

2. Repeat procedure givenin Step 6.2t06.4 ........................ X 17 min

= Remarks: Ultrasonic acetone bath can be used if PMGI resist is not used.
If PG remover deteriorates surface of GeTe, choose another NMP based re-
mover.

Step 22. Dielectric (V23) deposition ® 10 min/wafer + 15 min

Repeat procedure given in Step 2 and change deposition time to @ 120 sec.

Step 23. Lithography ® 40 min/wafer + 30 min
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Repeat procedure given in Step 12.

Step 24. Dielectric (V23) etching ® 5 min/wafer + 15 min

Repeat procedure given in Step 13. SiO; etch chemistry should be used. & Etch
rate — 53.7 A/ sec

Step 25. Resist removal ® 30 min/wafer

Repeat procedure given in Step 6.
Step 26. Lithography (Bi-layer resist) © 40 min/wafer
Repeat procedure given in Step 19. Skip Step 19.6.

Step 27. Metal (M3) deposition O 30 min/wafer

A relatively thick M3 layer is deposited using dc sputtering due to high deposition
rates.

1. Load lock pump and vent time including wafer transfer time .... X 15min
¥ AJA International Inc. ATC Orion Series Twin Chamber PVD System
2. Deposit 490nm Ti/Au@ @ ... X 9min

¥ RF power density for Ti — 1.75W/ cm?
¥ RF power density for Au— 4.4 W /cm?
Pressure — 3 mTorr
&, Temperature — 20 °C
Ar Flow — 27 sccm
© Ti deposition duration — 150 sec
® Au deposition duration — 480 sec

N
=l
2 Au deposition rate — 9.4 A/ sec

Ti deposition rate — 2.7 A / sec
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= Remarks: At this point the devices are passivated, thus sputter deposition is
preferred for M3 to improve deposition rate.

Step 27. Lift-off @ 1.5hr

Repeat procedure given in Step 21.
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Appendix B

List of Equipment Used

B.1 Microfabrication Equipment

Physical Vapor Deposition

e AJA International Inc. ATC Orion Series Twin Chamber PVD System

e Angstrom Engineering Nexdep PVD DC/RF Sputtering System

e Intlvac Nanochrome I E-beam and Sputtering PVD System

e Intlvac Nanochrome II E-beam PVD System

e Angstrom Engineering Amod E-beam PVD System

o Leica Microsystems EM ACE600 Sputter Coater

e Allwin21 Corp. AccuThermo AW 610 Rapid Thermal Annealing System

Dry Etching

e Oxford Instruments Plasmalab System 100 ICP380 Etching System
e Oxford Instruments PlasmaPro 100 Cobra®® ICP Etching System
e AJA International Inc. ATC-2035 Ion Milling System

e Intlvac Nanoquest Pico Ion Milling System
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e Yield Engineering Systems CV200RFS Oxygen Plasma Asher
e Trion Phantom RIE System

Chemical Vapor Deposition

e Oxford Instruments System 100 PECVD / FlexAL ALD Cluster System
e Trion PECVD System

Lithography

JEOL JBX-6300FS 100 kV Electron Beam Lithography System
e Raith Nanofabrication RAITH150 II 30 kV Direct Write System
e Heidelberg Instruments MLA150 Direct Write UV Lithography System

e SUSS Microlec MA6 Mask Aligner /Exposure System with Back-side Align-
ment

e SUSS Microlec MJB4 Mask Aligner / Exposure System

e Yield Engineering Systems 310TA HMDS Coater and Image Reversal System
e Brewer Science CEE 200X Spin Coater and 1300X Vacuum Hotplate

e RaynoldsTech and Headway Research Hood and Spin Coaters

Characterization

JEOL JSM-7200F Field Emission Scanning Electron Microscope

o Zeiss Auriga 40 Focused Ion Beam (FIB)-SEM

e Bruker Dimension FastScan and ICON Atomic Force Microscope
e PANalytical X"pert Pro MRD HR-X-Ray Diffractometer (XRD)

e Woolam M-2000 Model DI Ellipsometer

e Filmetrics F50 Thin Film Mapping Reflectometer

e Bruker Contour Elite I 3D Optical Metrology System

e Bruker DektakXT Stylus Profilometer

e Veeco Dektak 150 Stylus Profilometer
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TOHO Technology FLX-2320-R Thin Film Stress Mapping
Olympus MX-61A Semiconductor Microscope

Olympus STM-6 Measurement Microscope

Creative Design Engineering, Inc. CDE ResMap 148 4-Point Prober

Sample Preparation and Packaging

Logitech Chemical Delayering and Planarization System
Disco DAD3240 Automatic Dicing Saw

West-Bond Inc. 4546E Semi-automatic Wedge Bond Tool
West-Bond Inc. 747677E Wire Bonding System
QuikLaze-50 Multi-Wavelength Laser Trimming System
Samco Inc. LFC150 Plasma Cleaner

Tresky T-3000-FC3 Die Bonder

e JFP Microtechnic Flip Chip Bonder

B.2 RF/DC Measurement Equipment

RF Measurements

o Keysight N5127B DC-67 GHz PNA-X Network Analyzer

o Keysight N5242A DC-26.5 GHz PNA-X Network Analyzer

o Keysight N9020A MXA DC-26.5 GHz Signal Analyzer

o Keysight E4428C ESG Signal Generator (x2)

e OPHIR 5140 0.7 GHz to 3.0 GHz +41 dBm Power Amplifier

e INMET 64671 18B50W -30 dB Attenuator (x2)

e INMET TS180M 5W Matched Load (x2)

e Krytar Model 1850 -16 dBm Directional Coupler (x2)

e RF Lambda RFLT2W2G08G 2 GHz to 8 GHz Power Combiner/Splitter
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RF Lambda RFDC2G8G10 -10 dBm Directional Coupler

Meca Electronics C-1.950 Circulator (x2)

SHF Communication Technologies AG SHF BT65R - HV100 Bias Tee (x2)
Teledyne CCR-33580-RN-1 SPDT Coaxial Latching Switch

Transco XMSN Line SPDT Coaxial Failsafe Switch (x2)

DC Measurements

o Keysight B2902A Precision Source Measure Unit

o Keithley 4200A-SCS Semiconductor Parameter Analyzer

o Keysight BI500A Semiconductor Device Parameter Analyzer
o Keysight 33621 A Arbitrary Function Generator

e Rohde and Schwarts RTO 1044 4 GHz Real Time Oscilloscope
o Tektronix MDO-3014 Mixed Signal Oscilloscope

e HP 8110A Pulse Pattern Generator

e HP 81140 High Voltage Pulse Pattern Generator

o Keysight 34470A Digital Multimeter

e Sorensen XG Series Programmable Power Supply

e HP 6632B System DC Power Supply (x3)

e Trek Model PZD700A High Voltage Amplifier / Piezo Driver

e Microsanj NT220 Nanosecond Transient Thermal Imaging System

Probes/Probe Stations

e Lakeshore CPX Cryogenic Probe Station with Vibration Isolation
e SUSS Microlec PMC-150 Vacuum Cryoprober

Cascade Microtech PM5 Manual Probe Station

Cascade Microtech Model 9000 Manual RF Probe Station
Everbeing C-8 Probe-Station with Shielding Box

MPI Titan 67A GSG Probes (x2)
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e Cascade Microtech |Z| Series Coaxial GSG Probe (x2)

Picoprobe M40A GSG Probes (x2)

MPI Corp. Allstron AC-2 Calibration Standard

TOYO Corp. ZN50R-CVT Variable Temperature Probes (x4)
Everbeing Tungsten DC Probe Tips with Micro-Manipulators ( x6)
Junkosha 67 GHz Phase Stable RF Cables (x2)

B.3 Modeling Softwares

RF Simulations

e Ansys Electronics Desktop 2020 (Ansys HFSS)

Sonnet EM Professional Suite v17.54

Keysight PathWave Advanced Design System (ADS) 2020
Keysight PathWave EM Design (EMPro) 2020

Keysight PathWave RF Synthesis (Genesys) 2020

Circuit Simulations

e Cadence Virtuoso IC Design Suite 6.16
o Keysight PathWave Advanced Design System (ADS) 2020
e Xilinx ISE Design Suite

Multiphysics Modeling

e COMSOL Multiphysics 5.5

e Ansys Workbench 2019

e Coventorware CoventorMP and SEMulator3D
e Solidworks Professional 2020
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Layout/Circuit Designs

Cadence Virtuoso IC Design Suite 6.16

Altium Designer 20
Tanner EDA L-Edit
Layout Editor and KLayout

Mathematical Solvers

e Wolfram Mathematica 12
e MathWorks Matlab R2019b
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Glossary

5G is the fifth generation wireless technology for digital cellular networks that began
wide deployment in 2019. As with previous standards, the covered areas are di-
vided into regions called "cells", serviced by individual antennas. Virtually every
major telecommunication service provider in the developed world is deploying
antennas or intends to deploy them soon. The frequency spectrum of 5G is di-
vided into millimeter waves, mid-band and low-band. Low-band uses a similar
frequency range as the predecessor, 4G.

Active RF Components rely on an external power source to perform their functions.
Some of the most commonly used active RF components are: power amplifiers,
low-noise amplifiers, diodes, limiters, switches, transistors, mixers, phase-locked
loops, data converters etc.

Chalcogenide a chemical compound consisting of at least one chalcogen anion and at
least one more electropositive element. Although all group 16 elements of the pe-
riodic table are defined as chalcogens, the term chalcogenide is more commonly
reserved for sulfides, selenides, and tellurides, rather than oxides. Many metal
ores exist as chalcogenides.

Chalcogenide Phase Change Material (PCM) based on the chalcogenides are a class
of solids that can be transitioned by thermal actuation between a crystalline phase,
which is highly electrically conductive, and an amorphous phase, which is highly
electrically insulating. In particular, germanium telluride (GeTe)-based PCMs have
demonstrated a very high amorphous-to-crystalline resistance ratio and a very low
crystalline-state resistance. This resistance state is non-volatile and is naturally ap-
plicable for latching RF/microwave switches.
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Germanium Telluride achemical compound of germanium and tellurium and is a com-
ponent of chalcogenide glasses. It shows semi-metallic conduction and ferroelec-
tric behavior.

Heterogeneous Integration refers to the assembly and packaging of multiple separately
manufactured components onto a single chip in order to improve functionality and
enhance operating characteristics.

Metal-Insulator Transition (MIT) are transitions from a metal (material with good elec-
trical conductivity of electric charges) to an insulator (material where conductivity
of charges is quickly suppressed). These transitions can be achieved by tuning var-
ious ambient parameters such as pressure or, in case of a semiconductor, doping.
VO, shows MIT behavior at 68 °C.

Microfabrication is the process of fabricating miniature structures of micrometer scales
and smaller. Historically, the earliest microfabrication processes were used for in-
tegrated circuit fabrication, also known as “semiconductor device fabrication”.

Millimeter Wave (mmWave) communication systems have attracted significant inter-
est regarding meeting the capacity requirements of the future 5G network. Mil-
limeter waves are electromagnetic (radio) waves typically defined to lie within
the frequency range of 30 GHz to 300 GHz. The microwave band is just below the
millimeter-wave band and is typically defined to cover the 3 GHz to 30 GHz range.

Monolithic Integration is a process of manufacturing a complete functional circuit or
group of circuits in a single piece of substrate. Monolithic integration provides
the flexibility of miniaturization, performance enhancements and packaging ready
devices.

Monolithic Microwave Integrated Circuit (MMIC) is a type of integrated circuit (IC)
device that operates at microwave frequencies. These devices typically perform
functions such as microwave mixing, power amplification, low-noise amplification,
and high-frequency switching.

Passive RF Components does not require a power source to perform their functions.
Some of the most commonly used passive RF components are: capacitors, induc-
tors, resistors, baluns, filters, attenuators, antennas, switches, phase shifters, hy-
brids, power dividers, power combiners, matching networks etc.
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Phase Shifter is used to change the transmission phase angle of an input signal. Ideally
phase shifters provide an output signal with an equal amplitude to the input signal,
any loss here will be accounted to the insertion loss of the component. The input
signal is shifted in phase at the output based on the configuration of the phase
shifter selected.

PIN Diode a diode with a wide, undoped intrinsic semiconductor region between a p-
type semiconductor and an n-type semiconductor region. The p-type and n-type
regions are typically heavily doped because they are used for ohmic contacts.

RF Front End is a device or module that incorporates all the circuitry between the an-
tenna and at least one mixing stage of a receiver and possibly the power amplifier
of the transmitter. They are used in a wide variety of RF products and applications.
Examples include wireless systems and FM radio systems.

RF Switch an RF switch or microwave switch is a device to route high frequency signals
through transmission paths. RF and microwave switches are used extensively in
microwave test systems for signal routing between instruments and devices under
test (DUT).

RF Switch Matrix asystem of discrete electronic components that are integrated to route
RF signals between multiple inputs and multiple outputs. Popular applications
requiring RF matrices are ground systems, test equipment, and communication
systems.

Vanadium Oxide an inorganic compound, has a phase transition very close to room
temperature (68 °C). Electrical resistivity and opacity of this material can change
up several orders. Due to these properties, it has been widely used in surface coat-
ing, sensors, and imaging.
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5G, 1
3D modeling, 100

Active tuning, 94

Actuation, 43, 102

Alignment issues, 48

Amorphous GeTe, 36, 70, 102, 212
Amplifiers, 1

Antennas, 1

Atomic force microscopy, 32, 35

Bandgap, 92

Bandpass, 94

Bandwidth, 1

Bias condition, 110, 213

Bias lines, 138

Bias network, 138

Bias signature, 66, 108
Bridged-T resistor network, 179

Calibration, 70

Capacitor bank, 166

CCD, 94, 104

Chalcogenide, 2, 10, 21, 213
Phase transition, 33

Communication systems, 31

Comparison, 87

CPW discontinuities, 137
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Cracks formation, 45
Cross wafer resistance mapping, 41
Cross-section, 48, 103
Crossbar configuration, 2, 28, 147
Crossbar switch matrix
16x16 RF configuration, 162
2x2 RF configuration, 150
4x12 LF configuration, 159
4x4 RF configuration, 153
Unit-cell, 148
Cryogenic chamber, 215
Cryogenic device cycling, 219
Cryogenic measurements, 212
Cryogenic PCM RF switch, 212
Cryogenic temperature, 218, 224
Crystalline GeTe, 36, 70, 102, 212
Current carrying capacity, 70
Cycle testing, 219

Damped vibrations, 94

DC power handling, 70

DC sputtering, 34, 51, 57, 61
Delay lines, 188

Deposition pressure, 40
Deposition temperature, 37
Design dimensions, 33
Development constraints, 45
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Device cycling, 219 Focused ion beam SEM, 32, 47
Device reliability cycles, 82 Four point probing, 41
Device resistance, 218
Distributed circuits, 18 Germanium Telluride (GeTe), 10, 97,
Dynamic range, 81 132
Amorphous state, 10, 36, 70
Electrical characterization, 32, 44 Characterization, 32
Electrical pulse, 10 Cryogenic, 212
Electron beam lithography, 48 Crystalline state, 10, 36, 70
Elements and Alloys Deposition conditions, 34
Antimony (Sb), 10 Deposition parameters, 34
Antimony Telluride (SbTe), 10 Doped, 12
Chrome (Cr), 51, 57, 61 Electrical properties, 12
Germanium (Ge), 10 Ferroelectric behavior, 12
Germanium Antimony Telluride Grain mapping, 39
(GexSbyTe;), 10 Material properties, 12
Germanium Telluride (GeTe), 51, Melting, 46, 51, 57, 61
57,61,97,132 Optical properties, 12
Gold (Au), 51, 57, 61 Phases, 12
Nichrome (NiCr), 51, 57, 61 Physical properties, 12
Selenium (Se), 10 Resistance change, 32
Silicon Dioxide (SiO;), 51, 57, 61 Semi-metallic conduction, 12
Silicon Nitride (SiNx), 51, 57, 61 Sputtering target, 12
Sulfer (S), 10 Superconductor, 12
Telluride (Te), 10 Surface profile, 35
Titanium (Ti), 51, 57, 61 Surface topography, 35
Tungsten (W), 37, 43, 51,57, 61, 97 Switching principle, 13, 15
Vanadium Oxide (VO,), 11 Theory, 12
Vanadium Pentoxide (V,05), 12 Thin film optimization, 32
Vanadium Sesquioxide (V,03), 12 Voids formation, 45
Elements and Alloys (Alumina Grain mapping, 39
(Al,03), 51,57, 61 Grain size, 37
Evaporation, 57, 61 GSG probes, 70
FEM, 97, 100 Harmonic distortion, 75
Filter, 94 Heat coefficient, 97
Filters, 1 Heat distribution, 91, 99, 104
Finite element modeling, 97, 100 Heat flow, 110
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Heat generation, 218

High resistance, 212

High resistance ratio, 212
High speed micro-heaters, 96
Hybrid integrated circuit, 17

Impedance Tuner, 208

Insertion loss, 18, 62

Integrated resistors, 179
Intermediate resistance states, 221
Intermodulation distortion, 75
Intermodulation products, 77

Ion milling, 61

Isolation, 18, 62

IV characteristics, 71, 213

Joule heating, 70

Laser pulse, 10

Latching switches, 3, 23

LED, 94

Lifetime cycles, 62, 82

Lift-off technique, 61

Linearity, 75

Loss compensation, 188

Low temperature measurements, 212
Lumped components, 18

Lumped model, 64

Matched load, 81

Material characterization, 47
Atomic force microscopy, 32
Focused ion beam SEM, 32
Grain mapping, 39
Resistance mapping, 32, 41
Scanning electron microscopy, 32
Surface topography, 35

Material degradation, 46

Material melting, 46

Matrix

Switch Matrix, 3

Measurements

Band reject filter, 133
Capacitor bank, 170
Crossbar switch matrices, 155
Cryogenic PCM, 212
Current carrying capacity, 70
Heat distribution, 102
Intermodulation distortion, 75
IV characteristics, 71
Lifetime cycles, 82

Linearity, 75

Low temperature, 212
Non-volatility, 86
Redundancy switch matrix, 145
Reliability, 82, 104

RF performance, 66

RF power handling, 72

RT Phase shifter, 207

Self actuation, 75

ST Phase shifter, 194, 198
Stability, 86

Switch actuation, 65

Switch matrix, 126
Switching speed, 81

T-type switch, 139
Temperature dependent, 220
Thermal crosstalk, 107
Thermal imaging, 107

Third order intercept, 75
Transient heat, 91

Two-tone, 79

Variable attenuator, 182

Melt-quench sequence, 102, 221
Metal Insulator Transition, 12

Material, 12
Vanadium Oxide (VO,), 11
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Micro-heaters, 33, 43, 70, 96

Characterization, 44

Microfabrication, 97

Alignment, 48
Constraints, 45
Deposition conditions, 34
Deposition pressure, 40
Deposition temperature, 37
Electron Beam Lithography, 48
Evaporation, 57, 61
Gen 1,51
Gen 2,57
Gen 3,61, 132
Ion milling, 61
Lift-off, 51, 57, 61
Optical lithography, 48
Passivation, 51, 57, 61
PECVD, 51, 57, 61
Process summary, 62
RCA1, 51,57, 61
RIE, 51, 57, 61
Seed layer, 51, 57, 61
Sputtering, 51, 57, 61

DC, 51, 57, 61
Stresses, 43

Microwave switching, 1, 16
Millimeter wave (mmWave), 1, 111, 134,

178,188
PCM multi-port RF switches, 112
PCM switch matrices, 112

Multi-port switches, 132
T-Type, 134
Multiphysics modeling, 100

Non-volatile, 212
Non-volatility, 224
Non-volatility testing, 86
Notch filter, 132

Optical lithography, 48

Packaging, 111

Parasitic capacitance, 62

Partial melt-quench, 221

Passive RF components, 179, 188

Passive RF PCM components, 165

PECVD, 51, 57, 61

Performance improement, 213

Phase change alloys, 11

Phase change material
Characterization, 33

Phase change materials
Actuation Methods, 21
Advancements, 8
Applications, 10, 24
Characterization, 32
Development constraints, 45
Early attempts, 9
Electrical characterization, 32
History, 7
Literature, 21

Miniature RF device, 134
MMIC, 17, 132,179, 201
Monolithically integrated, 132, 179, 201,

Optical storage, 10
Parasitic capacitance, 62
Phase transition, 33

208 Principle, 9
Multi-port RF switches, 24, 111, 116 Resistance change, 42
C-Type, 27 RF adaptability, 11
R-Type, 27 Surface profile, 35

T-Type, 27 Switches, 20
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Theory, 10
Phase change memory, 8, 12
Phase shifter, 188
Reflective type, 201
Switched type TTD, 188, 196
Post pulsing, 108
Power consumption
Steady-state, 23
Pulse conditions, 70
Pulse generator, 96, 216
Pulsing failure, 108

Radio frequency (RF), 1, 24
Components, 1, 111
Switches, 1
Continuous wave (CW), 81
Devices, 1
Linearity, 75
Modules, 1
Power handling, 72, 75
Switching speed, 81
Reactive ion etching, 51, 57, 61
Reconfigurability, 1
Reconfigurable circuit, 188
Reconfigurable impedance matching
network, 208
Reconfigurable PCM capacitor bank,
166
Redundancy switch matrix, 140
Reflective loads, 203
Reflectivity, 92
Refractory micro-heater, 96
Reliability, 62, 82, 86, 104, 111, 219
Residual stresses, 43
Resistance change, 32, 43
Resistance mapping, 32
Resistance states, 222
Resistivity, 43
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Resistor, 70
Resonator, 132
Return loss, 18, 62
Reversible switching, 222
RF calibration, 70
RF components, 111, 208
RF cross-over, 138
RF device selector, 128
RF measurements, 62, 66
RF PCM Band reject filter, 132
RF PCM components, 165
3-bit phase shifter, 188
4-bit switchable attenuator, 177
6-bit capacitor bank, 166
Band reject filter, 132
Cross-over, 138
SP16T switch, 118
SP3T switch, 114
SP8T switch, 116
SPDT switch, 113, 132
SPST switch v2, 57
SPST switch v3, 61
Summary, 164
Switch matrices, 124
16x16 LF Crossbar, 162
2x2 scalable, 124
4x12 LF Crossbar, 159
4x6 Redundancy, 140
LF crossbar, 159
RF 2x2 Crossbar, 150
RF 4x4 Crossbar, 153
RF Crossbar matrix unit-cell, 148
T-type switch, 134
RF PCM phase shifter, 188
RF PCM SP16T switch, 118
RF PCM SP3T switch, 114, 188
RF PCM SPS8T switch, 116
RF PCM SPDT switch, 112, 132
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RF PCM SPST switch, 57, 61, 221
RF PCM switch
Actuation signals, 66
Bias signature, 66
Cryogenic behavior, 212
Current carrying capacity, 70
Design, 50
Design optimization, 56
Intermodulation distortion, 75
IV characteristics, 71
Lifetime cycles, 82
Linearity, 75
Lumped model, 64
Measurements, 65
Operation, 50
Parametric study, 52
Parasitic capacitances, 63
Reliability, 82
RF measurements, 66
RF performance, 66
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