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ABSTRACT

This research work is focused on the study and development of chalcogenide phase
change materials and their applications in reconfigurable RF modules and systems.
Germanium telluride (GeTe), one of the chalcogenide phase change materials, is studied
and used in the development process of RF ohmic switches. This thesis presents the study
of GeTe and other phase change materials, the design, fabrication and measurements of
GeTe phase change material based RF switches, and the performance evaluation as well
as the operation and breakdown analysis of the GeTe phase change RF switches. It also
discusses the potential applications of GeTe RF switches in reconfigurable RF modules
by demonstrating a bandpass filter design.

RF switches based on solid-state transistors and diodes, and micro-electromechanical
system (MEMS) as well as other technologies have been reported and used in integrated
circuits and systems for RF and microwave applications. Each of these technologies for
RF switches shows some limitations regarding RF performance, integration compatibility,
cost, fabrication yield, or reliability. This thesis presents a novel alternative for RF switch
development using GeTe phase change material. The special phase transition properties
of phase change materials have drawn attention for decades. Material study and
characterization of phase change materials have been performed for a better
understanding of their properties. Phase change materials have since been developed for

different applications, with non-volatile memory modules being the most successful

XXii



application. With the success in phase change memory design, we have directed our
attention to RF switching applications based on phase change materials. Two main types
of GeTe phase change material based RF ohmic switches are developed and the design
and fabrication of each is discussed in detail. The RF switches designed using GeTe have
shown very competitive performance results compared to other existing RF switch
designs. Analysis and modeling of the switches have also been performed for a better
understanding of the devices and phase change materials as well as their phase transition
process. A reconfigurable bandpass filter using GeTe switches have verified the good
functionality of phase change RF switches and their promising potential in reconfigurable

RF applications.
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CHAPTER 1 Introduction

1.1. Motivation and Background

Radio Frequency (RF) modules are widely used in wireless communication systems
such as radars and wireless transceivers. In modern designs, RF systems are commonly
realized with on-chip integrated circuits. In mobile wireless communication systems, for
example, they usually serve as the signal transmitting and receiving front-ends for the
baseband analog and digital processing systems. Due to the coexistence of different
wireless communication standards in the radios, band switching among different
frequencies is often required, which is realized through module or system level
reconfigurability. In reconfigurable systems, the key element is the RF switch. Some of
the requirements for RF switches include low transmission or insertion loss, high
isolation between the input and output RF terminals in the OFF mode, fast switching
speed, high RF power handling capability, and high operation linearity across a certain
RF power level.

In modern wireless communication systems, RF switches are commonly used for
purposes such as Tx/Rx selection, frequency band selection, signal relay and other
network reconfiguration activities. Along other tuning/reconfiguring techniques, RF
switches are critical in achieving system level reconfigurability in emerging technologies
such as the internet of things (1oT). A vast number of solid-state based RF switches have

been designed and used in RF systems since several decades ago using various



semiconductor techniques such as silicon on insulator (SOI) or gallium arsenide (GaAs)
based integrated circuitry [1, 2, 3]. As predicted by Moore’s Law, the number of
transistors on a densely integrated circuit doubles in approximately every two years, and
the semiconductor industry has been able to follow Moore’s Law over the past several
decades. In the progression of transistor integration density, miniaturization has played a
critical role, with the size of transistors reduced as fabrication technology improved. In
recent years, however, as transistor sizes get closer to their physical limits, Moore’s Law
regarding transistor density is becoming harder to follow. In order to sustain the
performance improvement of integrated circuits, utilization of new materials and novel
device structures is becoming more critical. This trend in semiconductor technology
development is known as the “More-than-Moore” era according to the International

Technology Roadmap for Semiconductors (ITRS) (Figure 1.1) [4].

More than Moore: Diversification

C=D D G CoD C=2D

Interacting with people and environment

Non-digital content
System-in-package

Digital content
System-on-chip
(SoC)

§
Z
H
:
:
g

Baseline CMOS: CPU, Memory, Logic

Figure 1.1. The technology trend in semiconductor industry indicating the need for
performance improvement by functional diversification in the “More-than-Moore” era [4].
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1.2. Overview of RF Switch Technologies

RF and microwave switches have been designed and used in semiconductor
integrated circuits and microsystems for control and signal relay purposes. They are
among the most effective ways to achieve system configurability. One example of RF
switch applications is the RF front-end for wireless communications. In a typical front-
end module, single-pole double-throw (SPDT) antenna switches are usually used for
selection between the transmitter and receiver modules. For a multi-band front-end
module, single-pole multiple-throw (SPMT) RF switches are used for band selection. As
wireless products, such as radio transceivers, hand-held devices and other portable
devices, become popular in industry and consumer market, the need for improving
performance and reducing costs of RF transceivers becomes more noticeable [5]. As RF
switches are an important part of wireless RF modules, their performance and cost
requirements are also becoming stringent. One of the most important performance
requirements for RF switches is the signal transmission and isolation values. High-
performance RF switches need to have low signal insertion loss when turned ON, and
high signal isolation when turned OFF. Other performance requirements that are common
among RF modules include switching speed, indicating how fast the switch can be turned
ON or OFF, linearity, indicating whether the switch can operate with minimal harmonics
and intermodulation products at frequencies, power consumption, and power handling
capability, showing what RF power level the switch can handle without showing
degraded functionality. Other than the common performance requirements for RF

switches, there are also requirements for good integration compatibility, reasonable



device size, and ease of fabrication technology. RF switches are also preferred to have a
low-cost fabrication process with a high yield, in order to reduce the overall cost. Taking
all the requirements and specifications into account, a number of RF switch designs have
been proposed, built, and used in RF systems.

In semiconductor integrated systems, field effect transistor (FET) based switches are
among the earliest switch designs that were developed. Considering the physical
properties of FETS, they can be readily implemented as gate-controlled switching devices.
Their fabrication process also makes them compatible for co-integration with other
semiconductor based modules and systems [6]. Different types of FETs and their
microwave operation have been comprehensively summarized in [6], and a dual-gate
metal-oxide-semiconductor FET (MOSFET) based amplifier design has been reported,
demonstrating a 60-dB dynamic switching range and high switching speed at 4 8 GHz
[7]. Significant progress has been made in the development of FETs for microwave
applications since 1970’s, and various FET based switch designs have been proposed.
One of the proposed designs is an FET microwave switch based on gallium arsenide

(GaAs) [8].
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Figure 1.2. A FET structure of a microwave switching element proposed in [8].

The structure of the FET based microwave switch proposed in [8] is shown in Figure
1.2. The device is similar to other FETs, where the source and drain are connected to two
terminals of a control diode. A voltage-controlled gate is used to deplete the channel,
which is formed with a doped epitaxial layer within an intrinsic semiconductor volume.
The results of switch operation and device analysis have also been included. Other GaAs
FET based RF switches have also been reported. Compared to other semiconductor

technologies, GaAs FET based RF switches offer the advantages such as low bias power
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in both states and low loss [2]. The GaAs FET based RF switches reported in [1] also
show good power handling capability. An integrated SPDT switch based on GaAs FET
has also been reported for mobile communication systems, showing a high-power
handling capability of over 5 W (37 dBm) [9]. GaAs FET-based switches have been
popular in RF and microwave applications, but they also show certain limitations, such as
high level of distortion, especially in the OFF state, caused by the junction capacitance
non-linearity [2].

Other than FET-based RF switches, GaAs p-i-n diode based switches have also been
designed. RF and microwave switches built with p-i-n diodes are also very popular due to
their high breakdown voltages, fast switching characteristics, variable resistance with bias

and broadband application capability [3].

[ substrate [_] Metal [ Dielectric

Figure 1.3. Simplified cross-sectional view of a GaAs p-i-n diode based on design in [10].

A GaAs p-i-n diode based SPDT switch design is reported in [10]. A simplified cross-

sectional diagram of a p-i-n diode is shown in Figure 1.3. The core component in the



device is the p-type and n-type doped GaAs regions, separated by an undoped GaAs
region. Based on p-i-n junction physics, the conductivity between the p and n terminals of
the switch is controlled by the DC bias voltage, and this is how the switching activities
are controlled. The design in [10] has shown an insertion loss of approximately 1 dB and
an isolation above 35 dB up to 30 GHz, which indicates high performance and broadband
capability.

The silicon-on-sapphire (SOS) technology, which utilizes a structure of a thin silicon
layer on top of a sapphire layer on a silicon substrate, has provided higher performance in
RF and microwave applications. Compared to traditional silicon processes, the SOS
process is able to eliminate the parasitic capacitances generated from the bulk substrate,
and therefore is preferred for high frequency operations. An example of a SOS CMOS
RF switch design is proposed in [11]. The reported switch with an SP6T structure was
able to provide an insertion loss of less than 1 dB, and an isolation above 40 dB up to 2.5
GHz, and a high power handling with a 1-dB compression (P14g) of 20 W (43 dBm), and
an output third-order intercept point (OIP3) above 70 dBm, which indicates good RF
performance, linearity, and power handling capability.

Silicon-on-insulator (SOI) is another commonly used technology for RF integrated
circuits. SOI based RF switches are designed and used in RF transceivers and other
applications. SOI structure uses a stack with a thin silicon layer on top of a buried oxide
layer on the handling wafer. Like SOS, this insulating structure is also used to reduce the

issue with substrate parasitic coupling [12]. While GaAs and SOS technologies tend to



suffer from cost and integration disadvantages, SOl offers a lower cost and easier
integration process into silicon based systems, while maintaining good performance.

One issue that is common to Si, SOI, and SOS FET-based devices is the relatively
low breakdown voltage. In order for the switches to handle higher voltages without
breaking down, the method of switch stacking is very commonly used. This method
involves stacking multiple FET switches in series, and through the voltage distribution

across the switches, a higher voltage or power can be handled [11, 13].

Figure 1.4. Schematic of a switch using stacking structure to handle higher power [13].

A simplified structure of switch stacking is shown in Figure 1.4. With multiple FET
switches stacked in series, the voltage distribution allows high power handling capability.
The number of stack switches also provides a degree of freedom in the design, which
should be enough to handle the specified power, but also ensures a good balance between
the insertion loss and isolation based on the specifications. While this method effectively

mitigates the issue with device breakdown under high voltages, it introduces a level of



non-linearity. Although the FET switches are ideally modeled with minimal gate and
substrate current leakage, the stacking structure of multiple FETs would make the
leakage issue more problematic, as the current flowing through each device is not equal
due to the leakage. This eventually results in an unevenly distributed voltage across the

devices, which causes non-linearity in the switch, especially at high power levels [14].
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Figure 1.5. Voltage imbalance caused in switch stacking due to different current flowing
through each transistor [14].

While solid-state device based switches share the common issue of power handling
and linearity limits, micro-electromechanical system (MEMS) based RF switches provide
an alternative approach. MEMS switches are typically based on micromechanical
membranes, which are actuated through electrostatic control [15]. The mechanical
membrane, typically a cantilever beam or a bridge, is used as the control element in the
MEMS switch. Electrostatic force generated by the DC bias voltage is used to actuate, or
pull in the membrane to achieve contact between two metal electrodes and therefore turn
on the switch. When the DC bias voltage is removed, the membrane separates from the

contact and the switch is turned off. RF MEMS switches based on a cantilever beam



structure have been reported with successful switching activities and good RF
performance [16, 17]. In order to reduce the DC bias voltage required for switch
actuation, alternative structures have been proposed. A bridge structure design with
meandering supports of the membrane has shown a DC bias voltage as low as 9 V to
successfully actuate the MEMS switch [18]. Other than ohmic RF MEMS switches,
where the metal electrodes come in direct contact when the switch is turned on, a
capacitive RF MEMS switch has a structure where the membrane forms a capacitor with

the bottom metal, and is functional at high frequencies [19].

Figure 1.6. An RF MEMS switch with a low spring-constant bridge structure [20].
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A top view of an RF MEMS switch is shown in Figure 1.6 [20]. The top membrane in
the switch is built into a bridge structure that is anchored at the four corners. The
membrane is connected to the anchors through four folded beam in order to reduce the
spring constant, which reduces the pull-in voltage required. The membrane has a top and
bottom pull-in electrodes, and a center capacitive area that comes in contact with the
bottom structure when an actuation voltage is applied. Since RF MEMS ohmic switches
use mechanical structures where metal electrodes come in contact to achieve switching,
they tend to provide very low insertion loss and high isolation compared to solid-state
transistor or diode based switches. However, due to the mechanical structures and mobile
components, the fabrication process is usually complicated and has relatively low vyield,
and the size of MEMS devices are usually much larger compared to transistors or diodes.
Therefore MEMS-based RF switches have the limitations of high cost and non-ideal

integration compatibility.

1.3. Phase Change Materials in Switching Applications

A new approach of RF ohmic switch implementation has been introduced with the
study of phase change materials. Phase change, or resistance change materials, refer to a
class of chalcogenide compounds that possess two phases at room temperature: a
crystalline phase and an amorphous phase, which can be thermally driven from one state
to the other [21]. One of the most significant differences between the crystalline and
amorphous states is the drastically different electrical resistivity, which can be several

orders of magnitude [22]. The phase transition property and the difference in electrical
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resistivity makes phase change material an excellent switching element that can
potentially be used in RF and microwave applications.

Phase change materials were first discovered and identified as a type of disordered
semiconductors that can experience rapid and reversible transitions between a highly
resistive state and highly conductive state [23]. Phase change materials that have been
discovered include chalcogenide compounds consisting of a combination of tellurium
(Te), germanium (Ge) and/or antimony (Sh) with doping elements such as indium (In),
oxygen (O), selenium (Se), tin (Sn), etc. Although they do not behave the same under
certain thermal and electrical conditions, they share the same property of phase
transitions. Because of this property, phase change materials have been used to develop
non-volatile memory modules for the past few decades in response to the scalability
challenges of non-volatile memory based on floating gate and other technologies [24, 25].
Phase change materials can be scaled down to very small resistive vias, which satisfies
the size requirements for memory cells. Their resistivity ratio between the amorphous and
crystalline states makes it easy to store information, which ensures good functionality of
the memory designs. More details about phase change materials and their applications in
non-volatile memory are discussed in the following chapter.

With the same properties that are being used in memory applications, phase change
materials are also showing great potential in switching modules for RF and microwave
applications. Their low electrical resistivity in the crystalline state ensures low resistance
when connecting RF terminals, which is the key to low insertion loss for switch designs.

The high electrical resistivity in the amorphous state, on the other hand, ensures high
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isolation between RF signal transmission terminals. Compared to solid-state based
switches, phase change material based switches offer higher performance, and with the
simple resistive via structure, they offer higher integration density than transistor based
switches. Compared to MEMS based RF switches, they have the advantages of small size
and simple structure, which essentially means easier fabrication process, lower cost, and
better integration compatibility. Because of the great potential of phase change materials
and their successful insertion non-volatile memory applications, phase change material
based RF switches offer a novel and promising solution to switching applications for

integrated circuits and systems for the “More-than-Moore” era.

1.4. Research Objectives and Contributions
The main objective of this work is to develop GeTe-based ohmic switches for RF
applications with RF performance that is comparable to or better than existing solid-state
and MEMS-based RF switches. The performance requirements include good insertion
loss and isolation value in the target frequency range, good power handling capability and
high linearity performance, as well as reliable switching performance.
This research work to develop a GeTe phase change material based ohmic switch for
RF applications has achieved the following milestones:
e Design and fabrication of four-terminal GeTe-based phase change RF switches
using direct heating or indirect heating methods: Both types of switches have been
measured to have an insertion loss below 0.5 dB and isolation above 13 dB

through the frequency range from DC to 20 GHz. The figure-of-merit cut-off
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frequency (f,, defined as 1/(2 - - Ryy, - Co55)) is above 4 THz. The switches
have shown reliable switching activities of up to hundreds of cycles. The four-
terminal switch design using direct heating method was the first to be
demonstrated in the literature and has been patented.

Development of a thermoelectric model to analyze the electrical and thermal
response of the switches at varying RF power levels and with different heating
power levels: This modeling method is used to explore the linearity performance
and power handling capability of the switch. Corresponding 1-dB compression
point (P1gg) and input third-order intercept point (11P3) measurements are taken to
verify this model.

Design and fabrication of a reconfigurable bandpass filter for X-band applications
using the GeTe phase change material based RF switches: This design uses the
GeTe switches as a proof of concept to show their application in reconfigurable
RF modules. The bandpass filter has two operating bands, both of which show an
insertion loss of less than 3.2 dB, a bandwidth around 500 MHz and an estimated
quality factor of 59.

Material study of GeTe with the assistance of scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and other optical measurements
and imaging methods to better understand the phase transition process of GeTe on

the atomic level as well as the cause of phase transition failures.
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1.5. Organization of Dissertation

This dissertation is divided into five chapters to discuss the related research work in
different perspectives. Chapter 1 of the dissertation provided an introduction of Ohmic
switch applications in RF modules, and the motivation behind the development of novel
RF switches using phase change materials. Chapter 2 discusses the properties of phase
change materials. It summarizes the discovery and development process of chalcogenide
phase change materials of different types, and their applications in non-volatile memory
modules. It then specifically discusses GeTe properties reported in literature as well as
those characterized during the course of this Ph.D. research. It also provides detailed
observation of GeTe phase transition behavior and its corresponding electrical and optical
property change. Chapter 3 discusses detail design and development procedure of RF
ohmic switches based on GeTe. In Chapter 3, different types of GeTe-based RF ohmic
switches are shown and their structure, principle of operation, design procedure,
fabrication process and performance evaluation are detailed. Chapter 3 also provides the
thermoelectric modeling method for the GeTe RF switches that relates the thermal
properties of the switches to their electrical properties. Testing and characterization
results of the switch reliability study are also shown in Chapter 3. Chapter 4 of this
dissertation presents a reconfigurable bandpass filter using GeTe RF switches for X-band
wireless applications. In Chapter 4, the design process, device structure, fabrication
process, and the measurement results of the phase change filter are provided to prove the

applicability of phase change switches in reconfigurable RF modules. Finally, Chapter 5
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of this dissertation summarizes the achievements and contributions of this research work,

and it also provides possible future research directions for continuation of this research.
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CHAPTER 2 Chalcogenide Phase Change Material

Over the past few decades, chalcogenide compounds, or chalcogenide materials have
received increased attention for consumer electronics applications. A series of shared
special properties among various chalcogenide compounds have been observed.
Chalcogenide compounds are most recognized by their interchangeable states at room
temperature. Typically, a chalcogenide material possesses two or more states at which it
exhibits different material properties. Some of the most studied properties of
chalcogenide compounds include material crystallinity, electrical resistivity, dielectric
relative permittivity, and optical index of refraction. One of the earliest reports on such
material behaviors is by Ovshinsky [23], in which various materials called disordered
semiconducting materials were observed to experience rapid and reversible transitions
between a highly resistive and a highly conductive state effected by an electrical field.
One reported experiment in [23] used a sputtered film of an amorphous semiconductor
containing 48 at.% tellurium (Te), 30 at.% arsenic (As), 12 at.% silicon (Si) and 10 at.%
germanium (Ge). The specimen was structured with two carbon electrodes where voltage
signals of different frequencies were applied. The measurements showed repeatable
switching activities between a highly resistive state and a highly conductive state,
achieved by crossing above or below a holding voltage, Vh, across the electrodes.

Since [23], more efforts have been made to achieve phase transitions of chalcogenide

materials through different measures and to systematically categorize and analyze the
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phase transition activities of these materials. Reported methods to achieve repeatable
phase transitions within chalcogenide materials, other than application of electrical field
mentioned in [23], include laser (light) excitation [26], surface-nucleation through
melting and quenching [27], etc. In the early reported works, the materials used in the
experiments consisted of an element combination of arsenic (As), germanium (Ge),
tellurium (Te), antimony (Sbh) and/or sulfur (S).

More phase transition experiments and analysis on chalcogenide materials have since
been reported [28] [29] [30] [31]. The most commonly recognized chalcogenide materials
with the phase transition property include semiconductor compounds with Ge, Sb and Te,
with various combinations and stoichiometric percentages. Due to the state transitions
between a highly conductive state and a highly resistive state, this type of chalcogenide

materials is also known as phase change, or resistance change materials.

2.1. GST Based Phase Change Materials

GST, or GeSbTe, refers to the type of phase change materials with the combination of
Ge, Sb and Te. Common examples of this family of phase change materials include
germanium telluride (GexTey, or GeTe), germanium antimony telluride (GexShyTe,, or
GeSbTe) and germanium antimonide (GexShy, or GeSb). Most GST-based materials
possess two states at room temperature, known as the crystalline state and the amorphous
state, distinguished by their very different material crystallinity [22]. In the crystalline
state, they tend to exhibit very low, metal-like electrical resistivity, while in the

amorphous state, they usually behave like dielectric materials with very high electrical
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resistivity and varying dielectric constants [32]. Other differences such as optical
properties can also be observed. These differences between the two states are due to the
different atomic structures [33]. Phase transitions between the two states within these
materials are essentially achieved by thermal actuation, with the material heated up to a
certain temperature, followed by a cooling process with a certain cooling speed [21].
Typically, the phase transition process from the crystalline state to the amorphous state
(also known as amorphization process) involves a heating process with a high peak
temperature, in some cases above the material’s melting point, and a cooling process that
is relatively fast. The phase transition process from the amorphous state to the crystalline
state (also known as crystallization process) has a relatively lower peak temperature,
normally within what is known as the crystallization temperature zone, and a lower
cooling speed in comparison, to allow the process of crystallization [34]. A graphic
illustration and comparison of the temperature profiles for phase transitions in both

directions is shown in Figure 2.1.
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Figure 2.1. Timing diagram of typical temperature profiles for chalcogenide phase
change materials to achieve phase transitions between the crystalline and amorphous
states.
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Due to the large electrical resistance ratio [22] [32] and fast phase transition time [34],
phase change materials have been used for various applications where fast changes of
electrical resistances can be conveniently utilized. The earliest and most common
applications of phase change materials include non-volatile memory [35] and switching

devices [36], which are detailed below.

2.2. Phase Change Material Applications in Non-Volatile Memory

Optical storage applications based on the reversible phase transformation between the
crystalline and amorphous states of chalcogenide materials were first studied in the early
1970s [26]. Earliest efforts on realizing phase change reversible storage have been made
using materials such as TeGeSnOx [37], TeGeSnAu [38], InSe [39], GeTe [35] and
GeSeTe [40]. In order to achieve reversible phase transitions from/to the crystalline state
to/from the amorphous state, most commonly reported methods include laser induction,
with a more rapid crystallization/amorphization process, and heating state induction,
which can be realized by either the application of electrical pulses or in some cases
programmed ovenization.

At the early development stages of phase change memories, laser induction was very
commonly used as the phase transition method [38] [39] [41] due to the ease of the power
delivery process and effectiveness in phase transitions. The typical power level of the
applied laser pulses has been within 100 mW, with a pulse duration of less than 500 ns
[39] [41], depending on the structure of the memory cell, the phase change material used

as the recording film, and whether the phase transition is crystallization or amorphization.
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Normally a dual beam configuration is required in the structure, since the crystallization
time of the phase change material is usually less than 100 ns, typically around 50 ns, and
the amorphization time is between 200 ns and 500 ns; the time difference is too large for
the same pulse duration of laser to be used for both phase transition processes. In the
example reported in [41], though, where a stoichiometric compound of GeSb,Tes was
used as the phase change material, a laser pulse duration of 50 ns was used for both
directions of phase transitions, with the crystallization process at a power level of 8 mW,
and the amorphization process at 20 mW. This reported prototype was used to perform
direct overwriting cycle tests on a revolving disk system for 10° times using a single laser
beam configuration, proving the material applicable to high data rate direct over-writable
disk media. This revolving disk based structure has individual phase change memory
cells laid out on the disk tracks, with the phase change recording film sandwiched by
protective layers on both the top and bottom sides. Then specific adjacent layers are
designed to suit the laser light pulse induction setup, typically with a light curing resin on
the top or bottom of the recording film, and the laser light pulses applied on the opposite
side [39] [41]. A typical layer configuration for phase change optical storage systems is
shown in Figure 2.2.

Protective Plate
Light Curing Resin
Recording Film

Protective Layer

Substrate

Figure 2.2. Cross-sectional schematic of a typical phase change optical disk with laser
induction as the phase transition method [39] [41] [42].
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Phase change optical storage designs based on different materials have since been
reported, with modifications in the exact structure and procedure for phase transitions,
such as the laser pulse durations, power levels, etc. [24] [43]. The progress in realizing
optical storage media with phase change materials and its issues have also been analyzed
and summarized [44]. Most phase change materials used in optical memories are
tellurium based chalcogenide compounds, among which GeSbTe, or GST being the most
popular choice in terms of performance parameters such as the optical and electrical
property difference in the crystalline and amorphous states, phase transition speed, and
laser induction power consumption [42] [24].

Optically programmable storage devices using chalcogenide phase change materials
and their applications in digital computers as non-volatile memory attracted significant
interest in the 1980s and early 1990s. Rewritable optical memory disks using a laser
induced structural phase change in a chalcogenide material was commercialized and
produced. But in order to further improve the density and performance, phase change
memory using electrical heating methods was also designed and proposed. The example
reported in [45] presented a non-volatile phase change memory with high integration
density and high performance. The chalcogenide compound GeSbTe was used in the
design, as it had a crystallization speed of under 50 ns, which was practical in building
high-speed memory cells. The alloy had a glass transition temperature above 300 °C, and
a melting point above 600 °C. Unlike optical memory disks using these chalcogenide
alloys which rely on the differences in the optical characteristics between the crystalline

and amorphous states of the materials, this electronic memory relied on the changes in
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electrical properties of the material upon phase transitions. The measured change in
electrical conductivity was up to 6 orders of magnitude between the crystalline and
amorphous states.

In [45], the electronic memory cells were constructed with a matrix of isolation
transistors, which could provide power to a memory cell in order to melt a portion of the
chalcogenide alloy. The transistors were connected to the array to form the memory
matrix, with a heat sinking substrate and metallization to provide good thermal insulation
and heat dissipation in order to avoid cell cross-talk. A simplified schematic of the

memory cell layout is shown in Figure 2.3.
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Figure 2.3. Simplified schematic illustration of a memory array circuitry built using
chalcogenide alloy, showing four adjacent memory cells [45].

The read and write activities of the memory cells is achieved by the applied voltage to
the memory array Va, together with the row and column lines R and C. In the read mode,
a low voltage Va is applied to the device, while the access transistor is activated through
the R line. If the chalcogenide alloy is reset to the amorphous state, only a small current

will pass through the transistor and read by the C line. And if the material is set to the
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crystalline state, a larger current, which is limited by the resistance Rc, will be read
through the C line. In the reset mode, where the chalcogenide alloy needs to be reset to
the amorphous state, a high voltage Va is applied to the cell while the transistor is biased
to conduct sufficient current to heat up the material above its melting temperature. When
the current is removed, the material will rapidly quench into the amorphous state, given
that the thermal time constant of the device has been properly designed to allow a fast
cooling speed. In the set mode, a high voltage Va is also applied but the transistor is
biased to allow a smaller current so that the material is heated up, but not melted. The
duration of the voltage pulse must be sufficiently long to allow the nucleation and

formation of the crystal.

Figure 2.4. Cross-sectional diagram of the phase change via in the memory cell [45].
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The design from [45] shows successful integration of a chalcogenide phase change
material into electronic memory cells. The structure of the phase change device is also
simple, with the chalcogenide alloy sandwiched by top and bottom contacts. The via is
defined by etching through the insulating layer, obtaining a circular pillar shaped via. A
cross-sectional diagram of the device is shown in Figure 2.4. This design ensured a

simple device structure that is integration compatible to the memory matrix and it showed
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performance comparable to existing memories such as dynamic RAM, flash memory, etc.,
with great potential in terms of density, speed, and ease of fabrication.

With these promising results being reported, more phase change electronic memory
designs featuring mainly GST and GeTe have been reported with both structural and
performance enhancements. Efforts have also been made to study the memory device at
the atomistic level using both electronic measurements and electron microscopy to
physically model the GST [25] and GeTe [46] material structures in different phases and
during their phase transitions. Atomistic models of phase change materials have been
proposed to account for their electronic behaviors and temperature response [47]. By the
time of early 2000s, chalcogenide material-based phase change electronic memories were
commercialized and showed very competitive performance, with a typical cell set/reset
time within 50 ns, and number of phase transition cycles over 10*2 [48]. Special heating
structures have also developed to further enhance the reliability of the memory cells.
From a cell structure similar to the one shown in Figure 2.4 [45], for example, a
modification with a titanium nitride (TiN) heater layer was introduced in contact with the
phase change material layer, with certain levels of oxidization in the TiN film, and the
performance was compared and evaluated among the variations, proving that an oxidized
layer of TiN in contact with the phase change material layer helped with the stabilization
of the memory cells. There have been other reported designs of phase change memories
with new structures such as phase change material nanowires [49] and hybrid memory
structure combining a phase change memory and a DRAM buffer to improve the

performance [50]. With the great success that the chalcogenide phase change memory has
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achieved [51], phase change materials have drawn attention for other applications, such
as switching applications [36] [52]. Among different types of phase change materials
used for memories, phase change material based ohmic switches have most commonly

used GeTe as the phase change material [53].

2.3. GeTe Phase Change Material and Switching Activities

Germanium telluride (GexTey, or GeTe) with some similar properties to other GST
based chalcogenide compounds, consists of only Ge and Te, with different possible
stoichiometric combinations. Early material studies identified GeTe as a type of
semiconductor based on its electronic behaviors, and it was recognized to possess two
stable and interchangeable states, amorphous and crystalline, at room temperature.
Further studies have been performed on GeTe regarding its atomistic structures, phase
transition mechanism, electrical and optical properties as well as the material growth. The
phase transition property of GeTe has been put into use in multiple application areas

including non-volatile memory and ohmic switch applications.

2.3.1. Amorphous versus Crystalline GeTe

Like other chalcogenide compounds, GeTe has been known to exhibit amorphous and
crystalline states, stable at room temperature. The crystalline form of GeTe can vary in
structure, depending on the growth method and conditions [54]. According to the study
reported in [54], GeTe films can be prepared with different states by controlling the

deposition conditions such as the temperature, applied electric field on the substrate, seed
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layer structure and deposition method (i.e., evaporation, sputtering, epitaxial growth).
Deposited GeTe films are in polycrystalline state when they are deposited at a
temperature above 130°C and below 250°C. When deposited at temperatures above
250°C, a crystalline state GeTe film with a NaCl structure (or fcc structure) can be grown.
If the GeTe film is grown on a substrate of NaCl or mica as the seed layer, and the
deposition temperature is near 250°C, a crystalline state GeTe film with the
rhombohedral structure is formed. GeTe films deposited at a temperature below 130°C
are found to be amorphous. A graphic illustration of different GeTe states is shown in
Figure 2.5. Similar results have also been reported in [31] and [33]. Discrepancies across

different reported works could be due to in-lab film preparation process variations.
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(c) (d)

Figure 2.5. Atomistic structure diagrams of GeTe at different states according to the
results from [54]. The smaller red dots represent Ge atoms and the larger yellow dots
represent Te atoms. (a) Amorphous GeTe when deposited at a temperature below 130°C;
(b) polycrystalline GeTe, with multiple crystalline orientations, when deposited at a
temperature between 130°C and 250°C; (c) single-crystalline GeTe with a rhombohedral
structure, when deposited at a temperature around 250°C, typically grown on a NaCl or

mica substrate as the seed layer; (d), single-crystalline GeTe with a NaCl (or fcc)
structure, when epitaxially grown at the temperature above 250°C.

Based on the most distinct electrical and optical properties that GeTe films exhibit at
different atomistic states, they can be generally categorized into the crystalline (single-
crystalline or polycrystalline) state and the amorphous state. In terms of electrical
resistivity, crystalline state GeTe films exhibit a low, metal-like resistivity at room
temperature, which generally changes with temperature very slowly and linearly at low
temperature (near or below room temperature), and more rapidly at higher temperatures
(close to the crystallization temperature); amorphous state GeTe films have a much
higher electrical resistivity at room temperature in comparison, usually several orders of
magnitude higher than that of the crystalline GeTe, and the resistivity in the amorphous

phase changes much more rapidly with a changing temperature [55]. Another very
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important factor that affects the electrical resistivity of the GeTe films in either state is
the stoichiometric ratio between Ge and Te in the GeTe alloy-like compound. As reported
in both [22] and [32], GeTe films with variable composition ratios exhibit very different
crystalline and amorphous state electrical resistivity values. In each of the GeTe film with
a certain composition ratio, the amorphous versus crystalline state typically shows an
electrical resistivity ratio of 3 — 6 orders of magnitude. For readers’ convenience, a
temperature response chart of electrical resistivity of GeTe films with different

composition ratios from [22] is used and shown in Figure 2.6.
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Figure 2.6. Temperature response of electrical resistivity of GeTe films with different
composition ratios [22].

The GeTe films shown in Figure 2.6 have a Ge atomic percentage from 30 at.% to 70
at.%. It can be seen that GesoTe7o, GeaoTeso and GesoTeso films have a relatively larger
amorphous to crystalline electrical resistivity ratio than GesoTeso and GezoTeso films, and
GesoTego and GesoTeso films have a much lower crystalline-state electrical resistivity than
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GesoTer, GesoTeso and GeroTeso films. Figure 2.6 also reflects the phase transition
behavior between the crystalline and amorphous states, which will be discussed in the
next section.

Other than the electrical resistivity, optical properties of GeTe films at the crystalline
and amorphous states are also significantly different. Due to process variations during in-
lab film preparation and differences in crystallinity of GeTe films, reported works on
GeTe film optical properties show slight discrepancies, while following a general trend in
terms of optical behaviors in the crystalline and amorphous states. The observations in
[56] state that at the wavelength of 1.5 um, the crystalline state GeTe film shows a
relatively higher refractive index (n = 5.5) than the amorphous state GeTe film (n = 4.2).
Across the wavelength range from 0.83 um to 2.5 um, the amorphous GeTe film
(thickness of 9300 A) shows a much higher transmittance than the crystalline GeTe film
(thickness of 5800 A). The observed trend is in good agreement with the results in [57]
and [58], which states that the amorphous GeTe film shows a lower refractive index and
extinction coefficient, as well as a higher transmittance than the crystalline state in the
mid-IR and near-IR wavelength range. This optical property is used in [57] to build an
optical modulator with an integrated heater as the phase transition vehicle. Figure 2.7
shows the refractive index measurements through ellipsometry for GesgTeso films in
crystalline and amorphous states for visible light and near-IR ranges. The real and
imaginary components of the refractive index of GeTe are quite different between the

crystalline and amorphous states.
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Figure 2.7. Optical refractive index of GeTe in amorphous and crystalline state for visible
and near-IR frequency ranges derived from ellipsometry measurements [57].

Exploring the reflective index is useful in estimating the permittivity of GeTe film in
the amorphous state. Since GeTe behaves like a dielectric insulating material in the
amorphous state, the optical refractive index and the relative permittivity can be related

through Maxwell’s Equations:

[n(w) +i-k(w)] = & (w)/e,

where n and k are the real and imaginary parts of the reflective index, ¢ is the electric
permittivity of the medium, & is the electric permittivity of vacuum, and w is the angular
frequency. This is very important in estimating the capacitive component contributed by

the GeTe in the amorphous state in the RF switches, as discussed in the next chapter.
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2.3.2. Phase Transitions between Amorphous and Crystalline States of GeTe

While both the amorphous and crystalline states of GeTe films can be found at room
temperature, phase transitions between the two states can be achieved at elevated
temperatures. As mentioned before, the temperature change during a phase transition
process of phase change materials can be divided into a heating process and a cooling
process. The transition from the amorphous to the crystalline state is known as
crystallization, and the phase transition from the crystalline to the amorphous state is
known as amorphization.

In order for an amorphous GeTe film to experience the crystallization process, the
temperature needs to be elevated for the nucleation process to happen within the film. As
discussed in [54], at an elevated temperature (above the crystallization temperature), the
nucleation process will start to take place within the GeTe film rapidly via multiple
nucleation centers, and eventually expands across the entire volume of the GeTe film.
When the film is cooled down to room temperature, the crystallization process is
complete and the crystalline GeTe film is formed. The crystallization temperature, at
which nucleation happens within the GeTe films, can vary according to factors including
film preparation conditions, substrate properties [54], and GeTe stoichiometric ratio [59].
Most reported crystallization temperatures are above 145°C.

In order to monitor the formation of crystalline structure within the GeTe films during
the crystallization process, an X-ray diffraction (XRD) insitu measurement is commonly
used. Intensity peaks shown in the XRD measurements can indicate the formation of

crystallized structures, and multiple peaks at the same time means multiple crystalline
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orientations within the GeTe film. A series of XRD measurements is reported in [22] on
GeTe films with five different composition ratios. For readers’ convenience, the XRD

measurement results are shown in Figure 2.8.
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Figure 2.8. XRD measurements as a function of increasing temperature for GeTe films
with different composition ratios [22].

From the XRD measurement results in Figure 2.8, two-theta (20) peaks in all five

type of GeTe films appear after the corresponding crystallization temperatures are
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reached, which indicate that a certain level of crystalline structure is formed in all GeTe
films. Among these five samples, GesoTeso has the lowest crystallization temperature of
approximately 180°C, and GezoTeso has the highest crystallization temperature of
approximately 360°C. The crystalline orientations corresponding to each peak are also
listed in the figure, indicating that most GeTe films crystallized through this annealing
process are showing a polycrystalline structure. In the case of GesoTeso, an initial 20 peak
at about 50° appears above 180°C, and another sharper peak at the similar angle appears
above 360°C, which could potentially indicate different orientations that have different
crystallization temperatures and coinciding 20 peaks.

Unlike the crystallization process, the amorphization process of GeTe films take place
under a different annealing temperature profile and has a different mechanism. While it
also requires a heating and a cooling process, the amorphization process of GeTe films
typically needs a higher peak temperature that is well above the crystallization
temperature, and is often preferred to be above the melting temperature of the GeTe film.
The cooling process during amorphization needs to be even faster than that for
crystallization, so that the nucleation process does not have enough time to take place and
after the temperature is quickly dropped back to room temperature, the atoms in the film
are locked in their disordered state, without being able to nucleate unless temperature is
raised again. Thus, the amorphous GeTe film is formed and the amorphization process is
complete. The crystallization time is typically several times slower than the

amorphization time (Figure 2.1).
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2.3.3. GeTe Fabrication Process for RF Switch Applications

This section will be focused on the results and findings from the GeTe film
preparation process, sample annealing process, as well as other material study
experiments that have been performed here at the University of Michigan. Process
variations play a significant role in the final physical properties of the film. Therefore,
while the results reported in this section is generally in agreement with the results from

reported works summarized in the previous sections, differences in details can be seen.

2.3.3.1. GeTe Film Deposition Process and Basic Electrical Properties

In this work, GeTe films are prepared at the Lurie Nanofabrication Facility (LNF) at
the University of Michigan. The thin-film deposition process of GeTe, both for film
property characterizations and for RF Ohmic switch fabrication, is performed on
passivated silicon substrates. The deposition of GeTe films are done by sputtering using a
Lab 18 Modular Thin Film Deposition System manufactured by Kurt J. Lesker Company.
The sputtering process uses an RF power enabled plasma sputtering source on a single
target of GesoTeso alloy, and is performed under a high vacuum chamber condition, with
a base chamber pressure of 3x10° Torr or lower. The RF power used for sputtering varies
from 40 W to 70 W, without the presence of DC voltage bias. The partial pressure during
the sputtering process varies from 3.5 mTorr to 5 mTorr. The sputtering process is done
at room temperature. In order to optimize the sputtering process to obtain GeTe films

with best quality, the base chamber pressure, the RF power and the partial pressure have

35



been varied in the sputtering experiment in order to find a combination that yields the
best result.

The as-sputtered GeTe film is in the amorphous state, with an electrical resistivity
higher than 0.1 Q'm. Phase transition from the amorphous to the crystalline state is
achieved by a standard ovenization at 200°C for approximately 30 min. The temperature
ramping rate from room temperature to 200°C is about 6°C/min. After successful
crystallization, the GeTe film exhibits the crystalline state, with an electrical resistivity
lower than 5x10° Q-m, which shows an amorphous/crystalline resistivity ratio higher
than 2x10%. Other than the standard ovenization used for crystallization, different
methods have also been characterized to achieve higher effectiveness of phase transition.
Both the GeTe film sputtering process and the crystallization process have been proven to
directly affect the crystalline quality of the GeTe film after the as-deposited amorphous
GeTe is transitioned into crystalline GeTe.

During the GeTe sputtering process, the sputtering speed, or film deposition rate, can
affect the film quality. Generally, a higher deposition rate tends to result in a better film
quality with lower electrical resistivity after crystallization and less introduced impurity
in the film [60]. The measured film deposition rate of GeTe films varies from 0.5 A/s to
1.8 A/s, depending on the combinations of sputtering conditions. With the RF sputtering
power varying from 40 W to 70 W, and the partial sputtering pressure between 3.5 mTorr
and 5 mTorr, a series of measured deposition rates are plotted in Figure 2.9. The trend
shows that the combination of a higher power and a lower partial pressure tends to yield a

higher deposition rate. The electrical conductivity of GeTe film samples of the same
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thickness after crystallization are plotted in Figure 2.10, which shows a very similar trend,
indicating that higher film deposition rates result in higher crystalline state conductivity
of GeTe films. The reason that the GeTe film sputtered at 3.5 mTorr with a power of 70
W shows a lower conductivity than the sample with 60 W could be due to impurity in the
process chamber that has been excited at a higher RF power and sputtered into the film.
Since the crystalline GeTe film also exhibits semiconductor like properties, Hall
Effect measurements were taken to identify the semiconductor type. The deposited and
crystallized GeTe films are measured to be p-type semiconductors, with a hole

concentration of 1.2 — 1.5 x 102! cm3, and a mobility of 2 — 5 cm?/V-s.
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Figure 2.9. Measured deposition rate of GeTe films at different RF power levels and
different sputtering partial pressures in the chamber.
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Figure 2.10. Measured electrical conductivity of GeTe films after a standard
crystallization process versus the sputtering RF power at different sputtering partial
pressures.
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2.3.3.2. GeTe Annealing Process and Crystallization Optimization

The deposited GeTe are annealed using a standard ovenization process. Multiple
samples of GeTe films are tested under the ovenization process with various peak
temperatures to determine the crystallization temperature of the GeTe film. Based on this
study, GeTe starts to crystallize at temperatures above 180°C. While the crystallization
temperature is in good agreement with [22], the electrical conductivity of GeTe measured
after crystallization is about 5 to 10 time lower in many samples, which indicates poor
crystalline film quality. In order to improve the film quality and reduce the electrical
resistivity of crystalline GeTe films, further efforts have been made to optimize the
annealing process parameters, including the annealing temperature, annealing duration
and oven environment (pressure, air/N2 gas, etc.). It has been found out that a low-
pressure annealing process (< 250 mTorr) with a N2 based oven environment tends to
result in the best crystalline GeTe film quality. This is possibly because in air, GeTe is
prone to oxidization, which results in the formation of nano-crystalline structures
consisting of GeOx and TeOx. The reduced oven pressure also contributes to reduced
chance of oxidization.

After the optimal oven conditions for GeTe crystallization has been characterized, the
crystallization temperature is determined by comparing the quality of GeTe film samples
crystallized with different crystallization temperatures under the same oven condition
described above. From the lowest crystallization temperature of 180°C that has been
observed to be able to crystallize the GeTe films, temperature is varied from 180°C to

350°C. All of the GeTe film samples are annealed in a 250 mTorr low-pressure N
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environment, with a temperature ramping rate of approximately 10°C/min, and a peak
temperature dwelling duration of 30 min. The electrical resistivity of the samples after
annealing are measured and compared. The measured electrical conductivity of GeTe thin

films crystallized under different annealing temperatures is shown in Table 2.1.

Table 2.1. Electrical conductivity measurements of GeTe films crystallized at different
peak oven temperatures.

Peak Temperature Electrical Conductivity
180°C 2.0 x 10* S/m
200°C 2.5 x 10* S/m
220°C 4.5 x 10* S/m
260°C 5.0 x 10* S/m
300°C 7.7 x 10* S/m
350°C 1.0 x 10° S/m

At the optimal ovenization conditions with a peak oven temperature of 350°C, the
highest electrical conductivity measured on crystallized GeTe films is approximately 10°
S/m, although it is measured to be lower in some samples with the same conditions due to
process variations and random defects generated on the GeTe films during the sputtering

process.
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2.3.3.3. Atomistic Study of Crystalline GeTe Films

In order to analyze the crystallization structure and process of GeTe, further
measurement and imaging processes are performed including in-situ X-ray diffraction
(XRD) measurements and transmission electron microscopy (TEM) imaging. Both
methods can be used to determine the crystalline type of GeTe film: whether it is single-
crystalline or poly crystalline.

The in-situ XRD measurements are performed by our collaborators at North Carolina
State University (Prof. Jacob Jones group). The as-deposited amorphous GeTe film is
annealed through ovenization, while the XRD measurements are taken. This allows us to

see the real-time response of the crystalline 20 peaks with the changing temperature.
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Figure 2.11. XRD in-situ measurement of a sputtered GeTe film during the annealing
process with a peak temperature of 250°C.
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Figure 2.12. XRD in-situ measurement of a sputtered GeTe film during the annealing
process with a peak temperature of 550°C.

The XRD in-situ measurements results with a peak ovenization temperature of 250°C
and 500°C are shown in Figure 2.11 and Figure 2.12, respectively. Figure 2.11 shows that
as the temperature ramps up from room temperature to 250°C, a dominating 20 peak at
approximately 30° appears when the temperature reaches 220°C (at 13 min), but several
other peaks at different 20 angles are also showing as the temperature rises. The second
XRD measurement (shown in Figure 2.12) with a higher annealing temperature on a
crystalline GeTe indicates that when the temperature reaches about 350°C, the XRD peak
at 20 = 30° is slightly twisted with an increased sharpness. This measurement also
indicates that 550°C is not sufficiently high to completely melt GeTe and remove all
crystalline sites. The multiple peaks in XRD measurement results indicate that the GeTe
film samples deposited and annealed under the conditions discussed above are showing a

poly-crystalline structure, with multiple crystalline orientations within the same sample.
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In order to observe the crystalline volume and grain sizes of crystalline GeTe, further
imaging processes using TEM are performed. With the high-resolution imaging using
TEM, the GeTe film can be viewed on the atomic level, with sub-million and million
times magnification, so the crystalline structure can be clearly seen. For our TEM
imaging, the sample thickness needs to be less than 100 nm. To take cross-sectional
image of the GeTe thin-film, focused ion beam (FIB) process was used. The TEM
imaging was then performed using a JEOL 3011 High-Resolution Electron Microscope
with an accelerating voltage of 300 kV.

TEM images show that the crystalline GeTe film prepared using the characterized
sputtering and annealing processes exhibits a polycrystalline structure. In the TEM
imaging sample, the GeTe film can be seen with a poly-crystalline structure, where
multiple crystalline orientations can be observed within the same sample, which is one of
the cases discussed in [54]. However, the crystalline grain size of GeTe varies a lot across
different samples and different spots within the same sample. In Figure 2.13, the TEM
image of the GeTe film is showing the interfaces among at least three grain orientations,
with the grain sizes varying roughly from 5 nm to 30 nm. The diffraction pattern shown
in Figure 2.13(e), with bright diffraction dots distributed along concentric circuits, also
suggests a poly-crystalline structure. In some areas, larger grain sizes are also observed,
as shown in Figure 2.14.

The results shown in this chapter indicate that using our ovenization process, the

GeTe thin film cannot be completely crystallized resulting in lower electrical
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conductivity at the ON state of the switch. Further studies are needed to better optimize

the crystallization process.

Figure 2.13. TEM images of a crystalline GeTe film showing (a) multiple crystalline
orientations within a small imaging area and (b)(c)(d) enlarged view of each area
showing a different crystalline orientation. (e) The diffraction imaging pattern also
suggests a poly-crystalline structure for the GeTe film.

(b)

Figure 2.14. TEM images showing large grain sizes of single crystalline orientations
within the poly-crystalline GeTe film.
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CHAPTER 3 GeTe Phase Change Material Based RF Ohmic Switches

As discussed in the previous chapter, GeTe films have been proven to possess a low-
resistivity crystalline state and a high-resistivity amorphous state at room temperature,
and phase transitions between these two states are achievable with thermal actuation at a
fast speed. Optical storage applications using GeTe have also demonstrated good
reliability of GeTe film. Therefore, GeTe is a strong candidate for RF switching
applications. In phase change material-based RF switches using GeTe or GST materials
in general, the core structure is the phase change material via connecting two or more RF
terminals to form the switch connection. In order to achieve phase transitions for
switching activities, thermal actuation structures need to be designed along with the RF
switching element. The most commonly used methods for thermal actuation include laser
induction [28] [29], and joule heating using a heating current drawn through a resistive
heater. The latter is a more popular way for RF switch designs, and will be talked about

in detail in this chapter.
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3.1. Early Designs of Phase Change Material Based RF Switches

3.1.1. RF Switches Using Different Phase Change Materials

One of the earliest proposed designs of phase change RF switches uses Ge>Sh,Tes via
as the switching element, and a lateral heater path through the via as the thermal actuation
conduit [36]. In this design, the two switch terminals are vertically connected by the GST
via and the prototype device is fabricated in a standard 180-nm CMQOS copper back-end
technology. As one of the earliest proof-of-concept designs of an Ohmic switch using
phase change materials, this work has reported successful phase transitions of the GST
material and showed switching activities of the device for up to 100 switching cycles
with a stable OFF/ON DC resistance ratio of over 200. In the ON state, the DC resistance
of the switch was approximately 5 kQ, which is very high for most applications. The high
ON-state resistance is due to the material properties of Ge>Sh.Tes, which has a relatively
high crystalline state resistivity. While this is acceptable in memory-related applications
as long as the amorphous-crystalline resistivity ratio is high and stable, it creates great
limitations in RF switch designs. For this reason, alternative phase change materials such
as GeSb and GeTe have been investigated for designing Ohmic switches. A novel three-
terminal phase change switch design has been reported using GesoSbso, or GeSb as the
switching element [52]. The GeSb electronic switches are demonstrated in a
reconfigurable inductor design where the GeSb switches are used to reconfigure the
inductance value. In this reported work, the switches use the structure where lateral metal

electrodes are connected by the GeSb vias, and through switching activities, the
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integrated spiral shaped inductor is reconfigured into different inductance values. In order
to reduce the via size of each individual GeSb via, this design uses a parallel array
configuration of multiple GeSb vias, which reduces the required switching current level.
The phase transitions of GeSb are measured to be stable with an OFF/ON resistance ratio
of approximately 100. This work provided the idea of a novel structure for phase change
switch design that requires a switching power level that is more acceptable in many
integrated systems.

Among different phase change materials, a low crystalline state resistivity is much
preferred in Ohmic switch designs, as it is the key to achieve a low ON-state insertion
loss and therefore a better performance. Compared to the two phase change switch
designs discussed above using Ge.Sh,Tes and GeSb, another proposed design of phase
change switch using GeTe has shown much lower ON-state resistance and a much higher
switch isolation [53]. The improved performance of this design is mostly because of the
material properties of GeTe. The GeTe film deposited and measured in [53] is reported to
have a crystalline state resistivity of 4x10® Q-m, and an amorphous state resistivity of 76
Q-m, showing an amorphous-crystalline state resistivity ratio of 1.9x10". The switch uses
a vertical RF connection structure, with a top and a bottom electrode connected through
the GeTe via, and the via area is defined by a SiO> layer patterned through etching. The
switch after fabrication is measured to have an ON-state resistance of 180 Q and an OFF-
state resistance of approximately 1.3 MQ, showing an OFF/ON resistance ratio of 7x10°
for the switch, which is a significant performance improvement compared to the designs

reported in [36] and [52].
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Early designs of phase change material switches, especially GeTe-based switches
have shown their great potential in RF switching applications. Compared to solid-state
based RF switches using different technologies, such as bulk-Si, SOI, SOS, pHEMT, etc.,
phase change material based switches have the advantage of lower ON state resistance
and higher linearity, as will be shown in this chapter. Since the reported works discussed
above, efforts have been made to build phase change RF switches with improved

performance that is comparable to or better than other switch technologies.

3.1.2. Low-Loss Two-Terminal GeTe Based RF Switch

The switch designs discussed above have proven good functionality of phase change
materials in switching applications, but the reported performance parameters such as
insertion loss are not competitive compared to existing switch designs. Improving the
performance is critical for phase change material based switches to show their advantages
against other types of switches, especially in reconfigurable RF applications. A two-
terminal RF Ohmic switch using GeTe has since been proposed, showing very low loss
across a wide frequency range [61]. The cross-sectional schematic of the GeTe RF switch

proposed in [61] is shown in Figure 3.1 for easier understanding of the structure.
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Figure 3.1. Cross-sectional schematic of the two-port GeTe-based RF switch [61].
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This two-port switch uses a vertical connection of two metal electrodes as the two
terminals. These two terminals are responsible for both RF signal transmission and GeTe
thermal actuation for phase transitions. The GeTe connection via area between the top
and bottom electrodes is defined by the SiO; interlayer patterned through plasma etching.
When the GeTe via is in the crystalline state, the insertion loss of the switch is mainly
determined by the electrical resistivity of the GeTe film and the dimensions of the
connection via. Since the resistivity of crystalline GeTe and the film thickness are fixed
by the fabrication process, the sizing of the connection via area is used to balance the
ON-state insertion loss and OFF-state isolation.

For a lower insertion loss when the switch is turned on, it is preferred to have a larger
GeTe via area connecting the two RF terminals. However, a larger area will result in a
slower switching speed due to the increased volume of GeTe that needs to go through the
phase transitions. Therefore, an alternative structure of multiple GeTe via connections is
also proposed in this work, where the RF terminals are connected by multiple GeTe vias
in parallel with each GeTe via having a small area. This structure results in both a low
insertion loss and a fast switching speed. The SEM images in Figure 3.2 show the

examples of the GeTe based RF switches with a single-via and a multi-via configuration.
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Figure 3.2. SEM images of the GeTe-based RF switches reported in [61] with (a) a single
3umx3um via configuration and (b) a multi-via configuration with five 2umx2um vias
connected in parallel [61].
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Figure 3.3. Measured resistance of GeTe RF switches with a single-via and multi-via
configurations from DC to 3 GHz when the GeTe via is at the (a) crystalline state and (b)
amorphous state [61].

100
80
60
40}

204
%0 05 10 15 20 25 30
Frequency (GHz)

—— Single 3x3um? via
—— Five 2x2um’ vias

Capacitance (fF)

Figure 3.4. Measured intrinsic capacitance of the GeTe RF switches when the GeTe is at
the amorphous state.
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The measured resistances of the switches with the single-via and multi-via
configurations at the GeTe crystalline and amorphous states are shown in Figure 3.3, and
the measured capacitances of the switches when the GeTe is at the amorphous state is
shown in Figure 3.4. When the switch is turned ON with GeTe at the crystalline state, the
low resistance between the two RF terminals determines the insertion loss, and when the
switch is turned OFF with GeTe at the amorphous state, although the resistance of the
switch is much higher, capacitance across the terminals becomes dominant in the
isolation, especially at higher frequencies. The measured scattering (S)-parameters of the
switch with the single-via configuration in both the ON and OFF states are shown in
Figure 3.5, which show competitive insertion loss and isolation of this type of switch

design compared to other existing technologies.
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Figure 3.5. Measured and de-embedded Si1 and Sz: of the GeTe RF switch with the
single-via configuration (a) at the crystalline and (b) amorphous states of GeTe.
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In this two-terminal switch structure, the RF signal path and the heating path share
the same two terminals. However, the requirements for the terminals used for RF signal
transmissions and thermal actuations are very different. For RF signal transmissions, it is
preferred to have low-resistance metal electrodes for good loss performance, but for
thermal actuations, the heating path needs to have a high resistance level. Therefore, the
two-terminal structure has a limited performance as both heating and RF structures
cannot be optimized simultaneously. To deal with this problem, we have proposed four-

terminal structures with two RF terminals and two separate heating terminals.

3.2. Four-Terminal GeTe RF Switches

The four-terminal structure of GeTe-based RF switches is intended to separate the
thermal actuation signal path from the RF path. With the RF signal path and the heating
path separated, it is possible to separately design the two paths to be optimal for each
function. An early proposed design of a four-terminal GeTe-based RF switch is reported
in [62] and later in [63]. This four-terminal RF switch uses an inline structure with the
two RF terminals laterally connected by the GeTe via whose size is defined by directly
patterning the GeTe film. The two heating terminals are connected through a resistive
heater path that is electrically isolated from the RF signal path. Thermal actuation is
achieved by drawing heating current from the heater path to heat up the GeTe via through
thermal coupling. In this design, only the RF terminals are in direct contact with the
GeTe via, which reduces the parasitics associated with the heater terminals and both the

performance and reliability are improved from previous designs.
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With the similar idea in mind, we have proposed a novel phase change RF switch
design having four terminals. In this section, two different structures of four-terminal
GeTe RF switches will be discussed. Their design procedures, structures, fabrication
processes, and performance will be discussed in detail. A comparison between the two

structures will also be presented.

3.2.1. Four-Terminal GeTe RF Switch with Direct Heating Scheme

The directly heated switch structure, similar to the one in [62], has four terminals, two
RF ports and two for Joule heating. The most significant difference between the in-line
four terminal structure in [62] and our design is that in the directly heated switch, the
heating current is drawn through the GeTe via itself to achieve phase transitions. This
design offers a higher heating efficiency compared to the design with a separated heater
in [62]. The directly heated phase change switch design was first published in [64], with a
brief discussion of the working principle, structure, fabrication process, and the
performance evaluation. The structure and fabrication process were then slightly
modified for an improved performance and the results were then reported in [65]. This
structure is similar to the one reported in [36], where a resistive heater is placed through
the GST via, but in this design the GeTe via is not in a simple pillar or via shape, but
instead has been designed into a more complicated structure considering the functionality,
thermal actuation effectiveness, and RF performance [66]. Details about the GeTe RF

switch with direct heating scheme will be discussed in this sub-section.
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3.2.1.1. Device Structure

The GeTe RF switch with direct heating consists of two RF terminals laterally
connected by the GeTe via with an in-line structure, and the two heater terminals are
vertically connected through the GeTe via. The RF signals and heating pulses follow the

lateral and vertical electrical paths, respectively.
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Figure 3.6. Cross-sectional schematic showing the structure of the four-terminal GeTe RF
switch using the direct heating method.

The cross-sectional schematic of the four-terminal GeTe RF switch with direct
heating is shown in Figure 3.6. The two RF terminals represented by the gold layer is
laterally connected through the GeTe via, forming a lateral RF signal path. The two
heater terminals are also connected through the GeTe via, but in a vertical direction. The
switching activities are realized by applying heating signal pulses from the heater
terminals, and the GeTe via is thermally actuated by the current drawn through it. In this
structure, it is important to ensure that the RF electrodes and heater electrodes do not
come in direct contact with each other. For this reason, the GeTe film is deposited twice
in the switch fabrication process. The first GeTe layer completely covers the bottom
heater terminal, and the RF electrodes are sandwiched by the two GeTe layers to avoid

direct contact with the heater layers. Although all four terminals are electrically
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connected to the GeTe via, a high resistive material is used for the heater layers to ensure
good isolation between the RF signals and the heating pulses, and also to maximize the
heating efficiency. The RF terminals, on the other hand, are designed with very low
resistance for good loss performance of the switch.

The design of the heating terminals in this type of GeTe switch is critical to obtain
both good heating effectiveness and minimal interference with RF signal transmission. In
terms of resistance, the heater path needs to be designed with good impedance matching
to get to heat delivery to the GeTe via. In the meantime, since the RF electrodes are in
indirect contact with the heater electrodes through the GeTe layer, the heaters also need
to have a high enough resistance to ensure good isolation between the two paths in order
to minimize the heating pulse interference to RF signals. This essentially limits the
choices of material for heater paths. In the initial designs, titanium nitride (TiN) was used
as the resistive heater material, which was also proven to be a very effective and reliable
choice. The TiN film is a metal-like ceramic material, which has a much higher resistivity
than most conductive metals, but can be used as resistors. It has also been tested with

good stability at high temperatures.
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Figure 3.7. (a) Top-view layout of the heater path in the GeTe switch and its material
combinations. (b) Simplified equivalent circuit model of the heater path.
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The layout of the heater path in the GeTe RF switch with direct heating scheme and
its simplified equivalent circuit model are shown in Figure 3.7. In Figure 3.7(b), resistor
R1 represents the vertical resistance of GeTe, which varies between the crystalline and
amorphous states. Resistors R> represent the TiN sections of the heater path, which are
next to and in direct contact with the GeTe via. Finally, resistors Rz are the resistance of
each DC pad covered with gold. From modeling and simulation, the value of Ry (GeTe
resistance) is smaller than 5 Q at the crystalline state, and is above 5 kQ at amorphous
state. Rz is within 5 Q as gold is a good conductor. R> is designed to be greater than 0.5
kQ. Therefore, when GeTe is at crystalline state, the resistance along the heater path is
concentrated at the TiN sections, ensuring that the heat is effectively delivered to the
GeTe via. When GeTe is at the amorphous state, R1 becomes the dominant resistance,
and the resistance of TiN (R2) serves as protection for GeTe, so that once GeTe is back to
the crystalline state, most power is dissipated in the TiN sections and GeTe is not
accidentally heated back to the amorphous state. The basic heater path structure used in
directly heated switches is the one shown in Figure 3.7, but the sizing, material choice
and fabrication process have been modified slightly as the switch design was matured.

To verify the required conditions for Joule heating of GeTe, thermal simulations are
performed using COMSOL multi-physics FEA simulation tool. As previously discussed,
to convert GeTe from crystalline to amorphous state, the Joule heating temperature
should rise above the GeTe melting point. Heat dissipation to the substrate needs to be
rapid enough, so the atoms in the GeTe layer cannot nucleate and re-crystallize. Thus,

GeTe should have good thermal coupling to the substrate. In order to achieve phase
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transition from the amorphous state back to the crystalline state, lower power needs to be
applied. The temperature must rise above the crystallization temperature of 250°C or
higher, while remaining below the melting temperature. The switch should cool down
gradually by slow removal of the heating current to convert the via back to the crystalline
state. In COMSOL simulations, is the crystallization and amorphization conditions are
realized by applying appropriate heating pulses, and the thermal responses are shown in
Figure 3.8. It is shown that both crystallization and amorphization requirements are met

with the heater design.
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Figure 3.8. COMSOL simulation for Joule heating conditions of the GeTe switch. (a) For
GeTe crystallization, a voltage pulse with an amplitude of 7 V is applied for a duration of
2 us, and the maximum temperature at the GeTe volume reaches 310 °C. (b) For GeTe
amorphization, a voltage pulse with an amplitude of 12.5 V is applied for a duration of
1us, and the maximum temperature at the GeTe volume is above 710 °C. The simulation
results verify that the heating conditions meet the requirements for GeTe phase
transitions.
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3.2.1.2. Fabrication Process

The fabrication process of the GeTe RF switch with direct heating is performed on a
silicon substrate, passivated with a dielectric layer. Throughout the development process,
silicon substrates with different quality and properties have been used. Based on the
measurement results from devices fabricated on different substrates, it is believed that the
doping type of the silicon substrate does not affect the quality of the fabricated devices
significantly. However, devices on a high resistivity substrate is found to have improved
performance at high frequencies compared to those on a substrate with low resistivity.
For example, a device fabricated on a 1000 Q-cm silicon substrate is measured to perform
better than a device fabricated on a 30 Q-cm silicon substrate having an insertion loss that
is lower by a few dB at frequencies over 1 GHz. In the measurement process, however,
the performance degradation caused by substrate loss can be de-embedded based on
reference devices. Details about the measurement process will be discussed later.

Details of the fabrication process of the GeTe switches have been repeatedly modified
in terms of both material choice and process flow in order to improve the overall device

quality, but a general fabrication process flow is shown in Figure 3.9.
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Figure 3.9.Fabrication process flow of the GeTe RF switch with direct heating

The first step of fabrication is to deposit a dielectric layer on the silicon substrate to
passivate the substrate. The choices of dielectrics that have been used include aluminum
nitride (AIN) through sputtering and silicon dioxide (SiO2) through plasma-enhanced
chemical vapor deposition (PECVD) or thermal growth. The typical thickness of the
passivation layer is between 1 um and 2 pum. After the passivation dielectric layer is
deposited, the bottom heater layer of the device is deposited and patterned. The typical
bottom heater layer used is TiN with a thickness of approximately 200 nm. After the

bottom heater layer, the first GeTe layer is deposited through sputtering from a single
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GeTe target, as discussed in the previous chapter. The thickness of the GeTe layer is
about 100 nm. The patterned GeTe layer needs to completely cover the bottom heater
layer in order to prevent any direct contact between the heater line and the RF electrodes,
which are deposited after the GeTe layer. After the gold RF electrode layer with a
thickness of 200 nm is patterned, the second GeTe layer is deposited with the same
pattern as the first GeTe layer. The two GeTe layers form a sandwiching structure against
the RF electrodes. The second GeTe layer also has a thickness of about 100 nm, giving a
total thickness of 200 nm at the via area. Finally, a top heater layer of 200 nm TiN is
patterned to form the heating signal path. After the major steps, an additional gold layer
patterning is performed on both the RF and heater terminals to reduce the resistance of
the heater and RF pads. A top passivation layer is also deposited in some batches of
devices as a protection layer, and also for performance comparison.

In this fabrication process, all non-dielectric layers are patterned through lift-off. A
photoresist layer is built with patterns created by photo-lithography before the layer
deposition. A standard photoresist lift-off process is performed after the deposition with
an overnight acetone treatment, followed by an acetone-IPA-deionized (DI) water
cleaning cycle while applying an ultrasonic agitation. The sample is finally rinsed with
DI water and dried with compressed N> gas.

After patterning of each GeTe layer, it is preferred to immediately perform the
annealing process for GeTe crystallization, since the as-deposited GeTe film is
amorphous, as previously discussed. The annealing process is generally performed in a

convection oven at a temperature of at least 220°C for good crystallization results. In
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later developments, an annealing temperature of 350°C is often used. In some fabricated
device batches, the annealing process has been performed after all layers have been
patterned. From our observations, the quality of the crystallized GeTe layers generally
does not differ too much from the ones with the first approach, but slight surface
oxidization of GeTe layers does happen slowly when GeTe is exposed in air, and a
postponed annealing process could slightly affect the quality of GeTe due to the surface

oxidization.
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Figure 3.10. SEM images of the GeTe RF switch with direct heating.

Scanning electron microscope (SEM) images of the devices are taken to visually
evaluate the fabrication quality. SEM images of a fabricated GeTe RF switch with direct
heating are shown in Figure 3.10, with an entire device view (left) and a zoomed-in view
of the GeTe via area (right). In the zoomed-out image on the left, the two RF terminals
and two heater terminals as well as the ground ring are visible. In the zoomed-in image

on the right, the GeTe via area can be seen as the connecting point of the four terminals.
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It can be seen that the RF path and heater path are perpendicular to each other in the same
plane, but at the GeTe via area, the two heater electrodes are vertically connected by

GeTe and the RF electrodes are laterally connected, as discussed before.

3.2.1.3. Measurement Results

The GeTe via in the RF switch can be treated as a resistor pad connecting the RF
terminals, so the sizing of the GeTe via connection poses a trade-off between insertion
loss and isolation of the switch. The dimensions of the connection are defined by the gap
between the two RF electrodes, the width of the RF electrodes and the total thickness of
the GeTe film. Naturally, it is preferred to have a small gap between the RF electrodes
and big RF electrode widths with a thicker GeTe layer in order to have a lower ON-state
resistance and thus a lower insertion loss. But the OFF-state isolation is consequently
limited by this aggressive design method. For example, a close metal gap between the
electrodes can greatly increase the gap capacitance, and wider RF electrodes can also
increase the parasitic capacitance formed between the metal and the substrate, both of
which is a significant contribution to the OFF-state capacitance. Besides, the fabrication
process also has limitations such as minimum feature size and maximum pattern aspect

ratio, which also need to be taken into account when determining the sizing of devices.
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Figure 3.11. Simplified top view of the RF electrode connection through GeTe via
showing how the dimensions of the connection are defined.

A simplified top view of the GeTe via area of the switch is shown in Figure 3.11 for
easier understanding. If the GeTe via is treated as a block of resistor, the RF electrode
gap distance will define the length of the resistor, and the RF electrode width will define
the width. The height of the resistor is defined by the total thickness of GeTe. In the
actual structure of the device, the GeTe layer has a larger area for overlapping with and
sandwiching the RF electrodes, and thus additional fringing effects, contact resistance,
and parasitics need to be considered as well. For a more accurate sizing evaluation,
electromagnetic simulations are performed using ANSYS HFSS to predict the insertion
loss and isolation of the switch with different sizing parameters. In a sample series of
simulations, the thickness of the GeTe layer is set to be either 100 nm or 200 nm, and the
RF electrode gap is varied among 0.25 um, 0.5 um, and 1 um. The width of RF
electrodes is fixed at 20 um for fewer combinations, but in the case of actual fabrication,

the RF electrode width is varied across devices to evaluate the design trade-off.
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Figure 3.12. Simulated (a) ON-state insertion loss and (b) OFF-state isolation of the
GeTe RF switch with various sizing parameters.

The size variations among the GeTe switches are clearly showing the trade-off
between the ON-state and OFF-state performance. As seen in Figure 3.12, across a
frequency range from DC to 20 GHz, the device with a GeTe thickness of 200 nm and an
RF electrode gap distance of 0.25 um is showing simulated insertion loss of 0.25 dB or
less, but the corresponding isolation is only slightly above 10 dB at 20 GHz. And with the
least aggressive design where the GeTe thickness is 100 nm and the RF electrode gap
distance is 1 um, the isolation is close to 20 dB at 20 GHz, but the corresponding
insertion loss is over 0.75 dB. It can also be seen that changing the RF electrode gap
distance and changing the GeTe thickness are influencing the performance in a fashion
that is not completely linear, because the electromagnetic simulation is using the finite
element analysis (FEA) method, taking into account more details than simple calculations.
Based on the simulation results and the fabrication limitations, the total thickness of
GeTe is chosen to be 200 nm for a lower insertion loss, and the RF electrode gap distance

is set to be 1 um, since this is close to the limit of the minimum feature size from the
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lithography, and any smaller size may cause pattern quality and yield issues. Throughout
the development process, the sizing has been slightly modified to better address the
fabrication process characterization results.

In the fabrication process, the metal contact pads are integrated with the GeTe RF
switch for RF and DC measurement purposes. As seen in Figure 3.10(a), the terminal
pads and the ground ring form coplanar waveguide (CPW) transmission lines are
connected to the switch for RF measurements. A pair of air-coplanar (ACP) RF probes
with the ground-signal-ground (GSG) configuration is used for the two-port scattering
parameters measurements to evaluate the insertion loss and isolation. The thermal
actuation for switching activities is achieved by applying a DC voltage pulse generated
from a waveform signal generator and delivered by two DC probes connected to the two

heater terminal pads.
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Figure 3.13. Measured (de-embedded) and simulated RF response of the GeTe RF switch.
(@) Insertion loss at the ON-state. (b) Isolation at the OFF-state.
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RF measurements are performed using Cascade ACP probes landed on the RF
terminal pads of the device, and the RF signal transmission S-parameters are measured
with the Agilent N5242 PNA-X network analyzer. The on-wafer measurement results
have been de-embedded using a reference device from the same wafer in order to
eliminate inaccuracy caused by probe contact and measurement setup. Electromagnetic
simulation results acquired using ANSYS HFSS are also included for comparison. The
measured Sp1 parameters at the ON-state and OFF-state are shown in Figure 3.13. In
simulations, the electrical conductivity of GeTe in crystalline state is set to 5x10* S/m,
while its amorphous state conductivity is set to 1 S/m. The discrepancy between
measurements and simulations are mostly due to a lower OFF/ON resistance ratio
achieved in the fabrication as well as other effects that are not taken into account by the
simulation. From the measurement results, the GeTe RF switch with direct heating
scheme shows an insertion loss of less than 0.5 dB and an isolation over 18 dB from DC
to 20 GHz, which indicates very competitive performance compared to other existing
types of RF switches such as MEMS and solid-state switches.

In order to better analyze the performance and illustrate how the RF response is
affected by the resistive and reactive elements from the switch and the external circuits,
an equivalent electrical model is developed. For the GeTe switch with the direct heating

method, the equivalent circuit is shown in Figure 3.14,
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Figure 3.14. Equivalent circuit model of the four-terminal GeTe RF switch with direct
heating. The circuit elements shown in the model include resistive and reactive parts from
the components of the GeTe switch and the external metal routing as well as the
measurement setup.

This model was first proposed by us in [65]. Based on the specific material properties
of phase change material, the GeTe via is essentially modeled as a parallel connection of
a resistor, a capacitive component, and a series R-C connection to simulate the RF
response. Since both the two RF terminals and the two heater terminals are connected to
the GeTe via through a lateral and a vertical path, respectively, additional resistive
components are used to model the electrical connections among the terminals. The
resistors Ry, Ri2 and Ri3 represent the resistance from different portions of GeTe, and Rn
represents the resistance from the heater, which is in contact with GeTe. The parallel
capacitance of the GeTe pad is modeled by C,. Since the GeTe is in direct contact with
both the RF and the heater terminals, it is divided into multiple elements. Along the RF
path from Port 1 to Port 2, several parallel paths exist: Path 1 connects the two RF lines
through GeTe laterally (Ri3); Paths 2 and 3 are due to the overlap of RF signal line with

the heater line through vertical GeTe resistance (Ri2). Here, Ry models the lateral
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resistance of the heater line. Along the RF path, there is also a feed-through capacitance,
modeling the lateral capacitance of GeTe (Ci2). Along the heating path, the main
elements are the resistive components of the heater and the GeTe via that is vertically
connecting the two heater terminals. Additional connections between the heater terminals
exist because they are also in contact with the RF signal paths, but those connections
have much higher impedance so they have a smaller effect in comparison. All the
resistive components that represent the portions of the GeTe vias have a variable
resistance switching between the crystalline and amorphous states. In addition to the
GeTe switch, there are parasitic elements from the metal RF transmission lines as well as
the measurement setup. The resistive component Rs and inductive component Ls
represent small parasitics from the RF probes and cables that are not calibrated out. The
capacitive component Cp models the small parallel-plate capacitor formed by the
deposited gold metal lines and the substrate with the passivation layer in between.

When the GeTe switch is turned on, the GeTe is in the crystalline state with low
resistivity, and the switch impedance is determined primarily by the resistance through
the RF terminals. When the switch is turned off, the GeTe is in the amorphous state with
much higher resistivity. The switch impedance, especially at higher frequencies, is
greatly dependent on the capacitance that the GeTe via creates. Based on the
measurements, the GeTe thin film offers a resistivity of roughly 0.015 — 0.02 Q':mm in
the crystalline state, and 0.5 — 0.7 Q'm in the amorphous state. As mentioned before, the
devices have size variations across each wafer. The sample used for measurements and

RF performance evaluation has an RF electrode width of 20 um and an RF electrode gap
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distance of 1 um (the actual gap distance measured from fabricated devices was close to
0.9 um due to feature accuracy of the lithography process). The extracted values of
elements from Figure 3.14 are used to determine the figure-of-merit cut-off frequency of
the device, which is defined by f., = 1/(2 1w Ron * Corr). When the switch is turned
ON, the resistance from the RF terminals is R,y = 4.8 Q, and when it is turned OFF, the
capacitance from the RF terminals is Corr = 8 fF. Therefore, the switch has a cut-off
frequency of over 4 THz. Later designs of the switch have improved performance and a
higher cut-off frequency.

The switching activities between the ON and OFF states of the device are achieved by
applying heating voltage pulses from the heater terminals. The heating pulses are
programmed and generated from a function generator. An AC amplifier is used to get the
required voltage amplitude. For the amorphization process, a voltage pulse of
approximately 12 V peak-to-peak is applied to the heater terminals, with a pulse with of
0.5 — 1.5 ps. The voltage level needs to be slightly tuned around this level each time for
effective amorphization. The average power drawn from the heater path for each
amorphization pulse is about 80 mW. For the crystallization process, the voltage level is
generally between 5 V and 7 V peak to peak and the voltage pulse duration is 1.5 — 2 ps.
The average power for each crystallization cycle is about 5 mW.

Although the direct heating method provides high power efficiency during switching
activities, this design has a potential issue with electrical isolation between the RF and
heater terminals, since all four terminals are in electrical contact with the GeTe via. In

order to ensure that the GeTe switch functions normally during switching activities, it is
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important to maintain a high signal isolation between the RF terminals and the heater
terminals at all times, especially when the switch is turned ON, since the relatively low
impedance between the RF and heater lines (at low-resistance state of GeTe)
compromises the isolation between the heater and RF ports. The current path between the

RF lines and the RF to heater line is highlighted in Figure 3.15.
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Figure 3.15. Demonstration RF power flow within the GeTe switch with direct heating
when it is in the (a) ON-state and (b) OFF-state. In the OFF-state, the high impedance
between the two RF terminals will force a big portion of RF power to flow through the
heater terminals, and thus it is important to ensure good isolation between the heater and
RF terminals.
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The RF/heater signal isolation is ensured mainly through two methods. The first one
is through the proper design and material choice of the resistive heater path with good
impedance matching in order to provide high impedance between the RF and heater
terminals while maintaining high heat delivery efficiency. The layout of the heater path is
shown in Figure 3.7, which ensures a high resistance along the heater path, and that the
resistance is concentrated near the GeTe via area. As for the material choice, TiN is used
as the resistive heater material, deposited through a reactive sputtering process of Ti film
with a N2 environment. This deposition process is proven to be able to form a TiN layer
that is metal-like, but more resistive than most metals due to the ceramic properties. TiN
is also very thermally stable, which makes it a good choice for this purpose [67, 68]. The
thickness of the TiN layer, along with the dimensions in the layout, is designed based on
the electrical resistivity of the film so that the heater layer provides good heat delivery to

GeTe and good isolation from the RF terminals.
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Figure 3.16. Schematic of the GeTe switch with RF choke modules connected to the
heater terminals during measurement to ensure high isolation between RF and heater
terminals.
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The other method to maintain high signal isolation between the RF and heater
terminals is through external circuit design. Compared to the operating frequency of the
switch for RF signal transmission, the heating current pulses are considered low
frequency. A good practice to improve isolation is to connect an RF choke to the heater
terminals in order to block the RF signal leakage. A simplified schematic configuration of

the device is shown in Figure 3.16.
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Figure 3.17. The S»1 response between an RF terminal and a heater terminal from
measurement and simulation with a 100 nH RF choke connected to the heater terminal.

To make sure that the RF power leakage through the heater terminals is not high
enough to cause operation issues, an RF transmission measurement between an RF
terminal and a heater terminal is performed to see the isolation. The results shown in
Figure 3.17 suggests that the isolation between the two terminals is above 20 dB, which is
considered high enough for low power operations, but with the RF choke modules
connected to the heater terminal during switching activities, an even higher isolation
between the RF and heater terminals can be achieved.
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In order to evaluate the switching speed of the GeTe RF switches, measurement has
been taken with an oscilloscope where heating voltage pulses and RF signal are applied
to the GeTe switch and observed at the same time. In this measurement, the network
analyzer is connected to input RF port of the device as the RF signal source, and the
output RF port is connected to the oscilloscope for RF power level observation. The
heating path connection is the same as normal switch operation, where the heater
terminals are connected to the heating voltage source. Necessary matching networks are
connected to the terminals in order to isolate the RF and heating signals from each other.

A simplified block diagram for the measurement setup is shown in Figure 3.18.
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Figure 3.18. Simplified block diagram showing the setup for switching speed
measurement for GeTe RF switches.

The heating voltage pulses are programmed and generated by the function generator

and amplified through an amplifier to obtain the desired amplitude. For GeTe

72



amorphization to turn the switch OFF, the heating pulse is set with a width of
approximately 0.5 us, and the rise and fall times are both 0.2 us. For GeTe crystallization
to turn the switch ON, the pulse rise time is still set at 0.2 ps, but both the pulse width
and the fall time are extended to at least 1.5 pus. The measurement results for switching
speed in both directions are shown in Figure 3.19. The switching speed is approximately

0.75 us for switching from ON to OFF, and 2.8 us from OFF to ON.
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Figure 3.19. Switching speed measurement of GeTe RF switch with direct heating
scheme (a) from ON to OFF and (b) from OFF to ON.

3.2.2. Four-Terminal GeTe RF Switch with Indirect Heating Scheme

While the direct heating method is a novel and efficient way of delivering phase
transition heat into the GeTe via of the RF switches, it has some limitations due to its
structure. Even though it has been verified that the electrical isolation between the RF
terminals and heater terminals can be maintained at a fairly high level, especially with the
external RF choke, the direct electrical contact among all four terminals demand the use

of a matching network, which adds to the overall size of the switch module. In order to

73



analyze and evaluate the advantage and disadvantage of the direct heating method, as
well as to have an alternative heating scheme, we have also designed and developed four-
terminal GeTe RF switches with the indirect heating method. In this type of GeTe RF
switches, the heater is not directly connected through the GeTe via, but instead embedded
underneath the main switch RF line and electrically isolated from the RF signal path. In
phase change RF switch community, this has been the more popular method and had
already been implemented and reported in several works with slightly different structures
[69] [70]. This sub-section will discuss the structure, principle of operation, fabrication
process, measurement and performance analysis of GeTe RF switches with indirect

heating scheme and provide a brief comparison between the two heating methods.

3.2.2.1. Device Structure

Similar to the phase change RF switches with direct heating scheme, the switch with
indirect heating one is also designed with two RF terminals laterally connected through a
GeTe via, forming the RF signal transmission path. But instead of running the Joule
heating current through the GeTe itself, a resistive heater is embedded underneath the
GeTe via, and the RF path and the heater path are electrically isolated (but thermally

coupled) with a dielectric layer.
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Figure 3.20. Cross-sectional schematic showing the structure of the four-terminal GeTe
RF switch using the indirect heating method.

The cross-sectional schematic of the four-terminal GeTe RF switch with indirect
heating scheme is shown in Figure 3.20. The resistive heater is first patterned and
embedded by depositing an electrical isolation layer on top. After the heater layer
embedding is complete, the RF signal path is built by patterning the single-layer GeTe
via and then RF electrodes. Since there will not be a top heater layer like the previous
design, the GeTe via area defined by the RF metal is exposed, so it is generally preferred
to have a top passivation layer as a protection layer against oxidization and any other
effects that may cause instability issues of the GeTe film. In order to evaluate the pros
and cons of having a top passivation layer, devices without the top passivation dielectric
have also been built for comparison. Details regarding design modifications and
fabrication process are discussed later.

For thermal actuation, DC voltage pulses are applied through the heater terminals and
current is drawn through the resistive heater underneath the GeTe via. The phase
transition of GeTe relies on proper thermal coupling between the heater and the GeTe
film. Therefore, choosing a proper electrical isolator and at the same time good thermal

coupler material is critical to successful switching activities. The ideal material for the
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isolation layer should have good thermal conductivity and low dielectric loss, and also
should be compatible with the fabrication process. Based on thermal simulations with
different materials, a few materials have been chosen as the isolation layer and have been

tested.

Time=2e-5
Surface: Temperature (degC) 9
A 21301
AIN GeTe

V¥ 25.175

Figure 3.21. Thermal simulation using COMSOL FEA software showing the temperature
distribution on the cross-section of the GeTe RF switch with indirect heating when a
heating pulse is applied through the heater layer.

Thermal simulations have been performed using COMSOL to estimate the heat flow
within the GeTe RF switch and the temperature distribution after a heating pulse is
applied through the heater path. A temperature distribution plot is shown in Figure 3.21
as an example of how the heat generated by the resistive heater is delivered to the GeTe
via. In this simulation, aluminum nitride (AIN) is used as the isolation layer between the
heater and the GeTe film. From the plot, it can be seen that most of the thermal energy is
generated closer to the center of the resistive heater, and is delivered outwards in all
radial directions. In the GeTe layer, the GeTe via area between the two RF electrodes will
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be the first volume of GeTe to be heated up, and the GeTe areas that overlap with the RF
electrodes are heated up at a much slower rate. This heat distribution pattern has been
noticed during the simulation and has been taken advantage of in the design. During the
operation of the switch, the heating voltage pulses are controlled so that only the GeTe
via area is going through the phase transitions. The GeTe areas overlapping with the RF
electrodes will stay in the crystalline state at all times. This reduces the volume of GeTe

going through phase transitions, and will help obtain a faster switching speed.

3.2.2.2. Fabrication Process

GeTe RF switches with indirect heating scheme are also fabricated on passivated
silicon substrates. Since the indirect heating method needs to generate more thermal
power than the direct heating method due to the different thermal coupling mechanism, a
heat sink with a higher heat dissipation rate is preferred in order to maintain a high
heating/cooling speed and avoid potential device cross-talk. In order to satisfy the heat
dissipation speed requirements, the passivation layer needs to have a high thermal
conductivity as well as a decent heat capacity. For the same reason, different isolation
layer materials have also been tested. Details will be discussed in this sub-section.

The fabrication process of the GeTe RF switch with indirect heating has been
modified over time to ensure good layer quality and performance. The modifications
include both material choices and detailed fabrication parameters. A general process flow

of the devices is shown in Figure 3.22.
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(a) Deposition of dielectric layer on substrate (b) Patterning of heater layer
(c) Deposition of isolation layer (d) Patterning of GeTe layer
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(e) Patterning of RF electrodes layer  (f) Deposition of top passivation and metals

Figure 3.22. Fabrication process flow of the GeTe RF switch with direct heating

The process starts with a dielectric layer deposition on the silicon substrate. This layer
is used as passivation to prevent DC current leakage into the substrate, and also as a heat
dissipation layer. The heater layer is patterned on top of the dielectric layer with a
thickness between 100 nm and 200 nm. While TiN is often used as the heater layer, other
materials including tungsten (W) and titanium-tungsten (TiW) have also been tested for
this purpose. The patterned resistive heater needs to be embedded before the deposition
of GeTe, and this is done by depositing another dielectric layer to ensure electrical

insulation between the heater layer and the GeTe layer. Since the terminal pads of the

78



heater layers need to be in contact with the RF probes for device measurements, the
dielectric layer is patterned through plasma etching to expose the pads of the heater layer.
The GeTe film is patterned with a thickness of approximately 100 nm. Other thicknesses
have also been used throughout the characterization as the thickness of GeTe film could
affect the crystallization process. After the patterning of GeTe film is complete, the RF
electrodes of gold with a thickness of 200 nm are patterned to establish contact with the
GeTe film as well as to define the via area. Finally, the gold metal routing and top
passivation layers are deposited and patterned.

During the GeTe deposition and patterning steps, it has been discovered that GeTe
films are often prone to possible damage from later processing steps, such as the
photoresist developer from the photolithography for the metal electrode contact layer, as
well as the solvents used for GeTe pattern lift-off. Since the film quality of GeTe plays a
vital role in the device performance, and it is important to ensure good GeTe-metal
contact, an additional protection layer covering the GeTe film has been deposited in
many fabricated sample. The deposition of the protection layer takes place immediately
after the sputtering of GeTe, and a thin film of molybdenum (Mo) is usually used. After
the metal electrode contact layer is patterned, the Mo protection layer on top of the GeTe
film will be shorting the electrodes because of the low electrical resistivity of Mo.
Therefore, an additional step to etch the exposed Mo layer is necessary to make sure that
the metal electrodes are connected only through the GeTe via. Etching for Mo is
performed using plasma SFe etching, and the etching process needs to be well controlled

not to damage the GeTe layer underneath.
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As discussed before, in GeTe RF switches with the direct heating scheme, the heater
material needs to have a high resistivity to ensure proper isolation between RF and DC
heating lines. In the indirect heating design, since the heater in not in direct contact with
the GeTe via, other choices of heater materials can be considered. Since the localized
peak temperature from the heater could be as high as 800°C, the heater material is
required to be stable at high temperatures. While TiN has been proven to have high
temperature durability, its high electrical resistivity results in high power consumption.
Tungsten (W) has been tested as an alternative heater material since it has a much lower
resistivity and decent high temperature stability. Other suitable materials tested include
an alloy of titanium and tungsten (TiW). The reliability of the heater layer is very critical
to the reliability of the switch. Therefore, further investigation into the heater robustness
has been performed regarding both material choice and fabrication process that will be
discussed later.

As previously mentioned, the bottom dielectric layer for substrate passivation and the
isolation layer between the heater and GeTe also serve as heat conduction layers. In order
to ensure fast and effective switching, the dielectric materials are preferred to have good
thermal properties such has high thermal conductivity. Among the common choices of
dielectric layers, aluminum nitride (AIN) has much higher thermal conductivity than
silicon dioxide or silicon nitride [71], and is a good choice for both the bottom

passivation layer and the isolation layer.
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Table 3.1. Material properties of dielectric layers and parameters used in thermal analysis

Material SiO2 SizNg AIN
Relative Permittivity 3.9 7 ~9
Thermal Expansion Coefficient (K) | 0.5x10° | 2.3x10® | 4.5x10°®
Specific Heat Capacity (J/kg-K) 730 700 740
Thermal Conductivity (W/m-K) 14 3-20 140 - 180

Thermal properties of a few dielectric materials are compared in Table 3.1. These
values are believed to be close to the properties of materials deposited from our facility,
and therefore, have been used in thermal simulations and analysis. It can be seen that
among SiO2, SisN4 and AIN, the thermal expansion coefficients are at the same level with
AIN being the highest and SiO> being the lowest, but they are all much lower compared
to other materials such as metal, so the expansion caused by thermal stress can be ignored.
Their heat capacities are also very close to one another. But in terms of thermal
conductivity, they are very different, with AIN having much higher thermal conductivity
than SiO> (over 100 times) and SisN4 (~10 — 50 times), as mentioned before. Considering
the function of the dielectric layer used for both substrate passivation and isolation
between the resistive heater and GeTe via, it is preferred to have dielectric layers with
high thermal conductivity for faster heat delivery to the via as well as rapid heat
dissipation through the substrate and air. For this reason, AIN has been used in the GeTe
switch fabrication process as both the substrate passivation layer and the electrical
isolation layer. However, the only available deposition process for AIN from our facility

is through high-temperature sputtering, which requires considerable optimization to reach
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high-quality films. On the other hand, SiO> layers can be thermally grown using a mature
process on silicon substrates, yielding very good film quality. And since compared to the
silicon substrate, the passivation layer is much thinner, SiO has also been considered as
the passivation layer choice in some fabricated batches.

As for the isolation layer between the resistive heater and the GeTe film, while high
thermal conductivity is preferred for fast heat delivery, another important factor to
consider is the quality of the GeTe film deposited on the isolation layer. Experimental
results show that the GeTe film deposited on top of an aluminum nitride layer tends to
have degraded quality in terms of both adhesion and crystallinity after annealing. The
reason may be low sputtered AIN quality in test samples or different crystalline structure
of AIN and GeTe, making AIN a poor choice of seedlayer for GeTe. As an alternative,
silicon nitride has been tested as the isolation layer, and GeTe films deposited on top of
silicon nitride tend to have a better adhesion as well as better crystallization results. Even
though the relatively low thermal conductivity of silicon nitride reduces the heating
efficiency, but with a reduction in the layer’s thickness as well as other fabrication detail
modifications, the trade-off can be managed.

During the fabrication process, GeTe film quality issues aroused quite often. The
most common issues include bad adhesion with GeTe peeling off after lift-off process,
stress induced surface defects and cracking, and poor crystallization. Since the quality of
GeTe films is critical to the functionality and performance of the switches, an alternative
approach for GeTe layer patterning was developed. Instead of using lift-off as the

patterning method, the GeTe film is patterned with plasma etching. According to the test
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results, GeTe films can be patterned with a number of different gaseous etchants under
RF bulk plasma such as Cl, and BCls. After characterization, a dry etching recipe with a
combination of BCls and Ar gas using RF generated plasma has been developed for GeTe
etching that yielded both good etching rate and surface cleanness. The biggest advantage
of dry etching over lift-off is that the GeTe patterns are much cleaner, since the lift-off
process tends to leave GeTe residue on the substrate. However, the dry etching method
also has process related issues. In the dry etching process, the patterns are usually defined
with photoresist based masks, which become very difficult to remove after exposure
under plasma. This directly affects the contact between GeTe and RF electrodes, and
therefore a GeTe surface cleaning needs to be performed before further steps. The most
effective way of removing photoresist residue is through Oz plasma clean, but this step
tends to easily oxidize the surface of GeTe film, and therefore, needs to be well
characterized. To sum up, dry etching process serves well as an alternative patterning
approach for the GeTe layer, which is tested to have better film quality, but the process is
much more delicate and complicated to perform.

Another issue during the fabrication is the heater embedding process. Since the heater
path has a thickness between 100 nm and 200 nm, the GeTe layer would need to be
deposited and patterned on top of an uneven surface. While the sputtering process with
GeTe is verified with good step coverage conformity, it is still preferred to have a flat
surface for the deposition of the GeTe layer. This can be achieved by pre-etching the

substrate passivation layer before the deposition of the heater layer. As long as the etched
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thickness of the passivation layer is controlled to be the same as the heater layer, a flat
surface can be achieved.

A schematic showing the difference between the substrate stack with and without the
pre-etching process prior to the heater layer pattering is shown in Figure 3.23. With a
well-controlled pre-etching process, the surface after deposition of isolation layer can be
made flat for the GeTe layer deposition. In reality, however, the lift-off process of heater
layers also tends to leave patterns with sharp edges, and the height of the wall-shaped
edges is often several times more than the intended thickness of the layer. With this
problem, even a pre-etching process of the passivation layer cannot ensure a good flat
surface, and an additional polishing step is needed to address this issue. In this work, a
meticulous heater embedding process flow has been developed and is shown in Figure
3.24. This procedure is performed after the deposition of the dielectric passivation layer
on the silicon substrate. Before depositing the heater layer, a plasma etching is performed
on the passivation layer. The heater layer is deposited and patterned using the same mask
as the previous step, followed by a mechanical polishing process to remove any residue
on the edges of the patterns. Then a dielectric layer is deposited on top as the isolation
between the heater and GeTe. It is difficult to keep the surface perfectly flat at this point,
because the pre-etching depth and the heater deposition thickness cannot be exactly
matched. Therefore, a chemical-mechanical planarization (CMP) is used to polish the
isolation layer. Since polishing could greatly reduce the thickness of the dielectric, an

additional deposition is preferred afterwards. This heater embedding process can help
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yield a better GeTe film quality as well as lower-resistance electrical contact between

GeTe and RF electrodes.

I

(a) (b)
Figure 3.23. Heater embedding process for GeTe RF switches with indirect heating. (a)
Heater embedding without pre-etching of passivation layer, yielding an uneven surface.
(b) Pre-etching process applied prior to heater layer patterning, resulting in a flat surface.

S

(a) Deposition of passivation layer on substrate (b) Pre-etching of passivation layer

I

(c) Patterning and polishing of heater layer (d) Deposition of isolation layer

I

(e) CMP polishing of isolation layer (f) Additional deposition of isolation layer

Figure 3.24. Heater embedding process with multiple isolation layer deposition and
polishing processes in order to obtain a flat surface before the deposition of GeTe layer.

After the fabrication process, SEM images have also been taken to visually evaluate

the device quality. SEM images of a fabricated GeTe RF switch with direct heating
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scheme are shown in Figure 3.25, with an entire device view (left) and a zoomed-in view

of the GeTe via area (right).
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Figure 3.25. SEM images of the GeTe RF switch with indirect heating.

The RF and heater terminals as well as the ground ring in the device are similar to the
device with the direct heating scheme. In the zoomed-in image on the right, the GeTe via
area is the connection between the two RF ports, and the heater layer path is placed
underneath through the GeTe via. The RF path and heater path are also perpendicular to
each other in the same plane, but the two paths are not in direct electrical contact, instead,

isolated by an isolation layer, as discussed before.

3.2.2.3. Measurement Results

The measurement process for this type of devices is similar to the process for the
directly heated switches devices. RF measurements are performed using Cascade ACP
probes landed on the RF terminal pads of the device, and the RF signal transmissions are

evaluated with network analyzer. The on-wafer measurement results have also been de-
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embedded based on the measurements from reference open and short devices from the
same wafer in order to eliminate inaccuracy caused by probe contact and measurement
setup. Electromagnetic simulation results acquired using ANSYS HFSS are also included
as a comparison. The measured and simulated insertion loss and isolation of the GeTe RF

switch with indirect heating are shown in Figure 3.26.
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Figure 3.26. Measured (de-embedded) and simulated RF response of the GeTe RF switch.
(@) Insertion loss at the ON-state. (b) Isolation at the OFF-state.

As shown in the measured results, devices exhibit an insertion loss of less than 0.6 dB
and an isolation over 11 dB from DC to 20 GHz. In order to compare the performance of
the devices with the two different heating methods and structures, the device measured
here also have an RF electrode width of 20 um. In comparison to the previously shown
results, the switch with the indirect heating method has a slightly worse insertion loss and

isolation especially at higher frequencies. This is possibly because the embedded heater
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underneath the GeTe via is creating a parallel-plate based capacitor with the RF metal
and therefore introducing a large amount of parasitics. Regarding this issue, the structure
has been modified to improve the performance, and results on performance improvement
investigations are discussed in later sections of this thesis.

For the four-terminal indirectly heated GeTe switches, similar modeling methods are
used for the GeTe material, but the equivalent circuit model is much simpler in
comparison because the heater terminals are not connected to the GeTe via and the two
electrical paths are separated. The equivalent circuit model is shown in Figure 3.27,
which was first proposed in [72]. The GeTe via here uses the same model of a parallel
connection of a resistor Ry, a capacitor C;, and a series R-C connection. The parasitic
capacitance formed between the heater path and the RF signal path is modeled by Cpo.
Similarly, the parasitic components from the RF routing lines as well as the parallel-plate

capacitance of the line to the substrate are model using Rs, Ls, and Cp.
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Figure 3.27. Equivalent circuit model of the four-terminal GeTe RF switch with indirect
heating. The circuit elements shown in the model include resistive and reactive parts from
the components of the GeTe switch and the external metal routing as well as the
measurement setup.

When the switch is in the ON-state, the transmission between the two RF terminals is

primarily enabled by the low resistance (Ri) of the crystalline state GeTe. When the
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switch is in the OFF-state, the resistance between the RF terminals becomes much higher,
and the capacitance becomes the dominant factor in determining the RF isolation. When
the switch is turned ON, the resistance from the RF terminals is R,y = 3 £, and when it
is turned OFF, the capacitance from the RF terminals is Cypr = 12.5 fF. Therefore, the
switch is measured to have a cut-off frequency of 4.2 THz.

The key to improving the performance of the indirectly heated GeTe RF switch is to
reduce the parasitic capacitance, which can be done by optimizing the structure and
sizing of the GeTe via and the resistive heater. In the device measured above, the
resistive heater path has a width of approximately 7 um, which is decided according to
the thermal simulation results. As discussed before, the resistive heater and the RF signal
path form a parallel-plate based capacitor, which greatly increases the parasitics of the
device. If the width of the heater path is reduced, the heater resistance is increased, which
results in higher heating voltage for thermal actuation. On the other hand, the parasitic
capacitance can be reduced so that the RF performance of the switch is improved. In
order to explore this trade-off, devices with a heater width of 3 um have been fabricated
and tested. According to the test results, the required voltage of the heating pulses is 30%
to 50% higher than the previous design, but the RF performance has shown great
improvement, with the device having an insertion loss that is lower by ~0.3 dB.

With the width of the resistive heater path reduced, another significant change is the
more localized heating on the GeTe film. The volume of GeTe film that is experiencing
phase transitions is only limited to the via connecting the RF electrodes, rather than the

entire GeTe pad as in the previous design.
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Figure 3.28. TEM images showing the GeTe RF switch (a) when in the OFF state, (b) the
enhanced view of the GeTe film where only the GeTe volume at the via area is
amorphous, and most GeTe volume remains crystalline. (¢) High-resolution TEM image
showing the crystalline-amorphous interface of the GeTe film.

As shown in Figure 3.28, with the width of the resistive heater path reduced in the
modified design, when the GeTe switch is turned OFF, only the GeTe area between the
RF electrodes is in amorphous phase, while the rest of the GeTe film stays in crystalline
state at all times. Since the total volume of GeTe going through phase transitions during
switching activities is reduced, the switching speed of the switch is improved. More
importantly, since the amorphous state GeTe behaves like dielectric material with a high
dielectric constant, this modified design reduces the parasitic capacitance formed
between the RF electrodes and resistive heater path compared to the previous design.
This is another significant contribution to the high-frequency performance of the GeTe

switch.
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Another design trade-off is between the thermal delivery efficiency and the parasitic
capacitance. This is balanced by isolation layer thickness between the heater and the
GeTe film. Although have a thin isolation layer ensures a fast and efficient heat delivery
from the heater to the GeTe via, the reduced distance between the heater and the RF path
results in a higher parasitic capacitance. The initial designs used an isolation layer with a
thickness of approximately 50 nm, but modifications have been made to increase the
thickness to 100~ 150 nm. This naturally results in degraded heating efficiency, but the

parasitics can also be greatly reduced for better RF performance.
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Figure 3.29. Measured (de-embedded) and simulated RF response of the GeTe RF switch

with modified design showing improved loss performance. (a) Insertion loss at the ON-
state. (b) Isolation at the OFF-state.

With the design modifications to the GeTe RF switch with indirect heating scheme,
the devices have been measured to evaluate the RF performance improvements. The de-

embedded insertion loss and isolation are compared to the corresponding simulation

91



results (Figure 3.29). The ON-state insertion loss has been reduced to approximately 0.3
dB at 20 GHz. Other than the modifications discussed above, a more aggressive sizing
has also helped reduce the insertion loss. The OFF-state isolation of the device is still
above 11 dB from DC to 20 GHz. Even though the parasitics have been reduced, the
isolation was traded off with the insertion loss. The figure-of-merit cut-off frequency for
this improved design is approximately 5.6 THz, which is a performance improvement
compared to the previous design.

The switching speed of the GeTe RF switch with indirect heating scheme is also
evaluated using the same setup. Since the phase transition process is a property of the
GeTe film, the switching speed of the switch with indirect heating is similar to that with
direct heating. The difference in switching speed is due to the structural difference, which
results in difference in heat delivery and dissipation rate. Figure 3.30 shows the measured

switching speed for the device. The switching time is around 0.6 us to turn the switch

OFF and 2 ps to turn the switch ON.
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Figure 3.30. Switching speed measurement of GeTe RF switch with indirect heating
scheme (a) from ON to OFF and (b) from OFF to ON.
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Table 3.2. Comparison of performance among different GeTe RF switch designs
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In order to better compare the RF performance among the different types of switches,
some of the RF measurement data are shown in Table 3.2. With similar dimensions, the
first two designs of switches show similar RF responses, and the differences mainly result
from the structure induced parasitics, which are different for the two switch types. The
modified GeTe switch with indirect heating scheme uses more aggressive sizing for
improved RF performance, but the heating power is increased as a trade-off. In terms of
integration compatibility and ease of fabrication, the indirectly heated switch design is

advantageous.

3.3. Power Handling Analysis and Thermoelectric Modeling

Due to the fact that the GeTe phase change switches rely on thermal actuation to
achieve switching, the transmitted RF signals could interfere with the phase transitions of
GeTe if the RF power level gets sufficiently high, and the switch linearity and power
handling capability could therefore be affected. This kind of self-actuation needs to be
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avoided. In order to better analyze the thermal properties of the GeTe switches, a
modeling method linking the thermal and electrical properties of the GeTe via and the
switch was proposed. This method can be used to model the switch operation at different
RF power levels, and explore how high RF power interferes with the stability of the GeTe
film and the linearity of the RF response. The earliest reported effect to model the non-
linearity response of the GeTe based RF switch can be found in [73], which relates the
physical properties of GeTe such as the electrical resistivity and thermal conductivity to
the heating effect from the RF signals. An improved modeling method based on this was
later proposed with more accurate results on predicting the input third-order intercept
point (I1P3) and 1-dB compression point (P1gg) for the switch [72]. This new method, the
thermoelectric modeling method, relates the thermal activity caused by the RF signals
through the switch to the property change of the GeTe film. The diagram for the

thermoelectric model is shown in Figure 3.31.
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Figure 3.31. The thermoelectric model of the GeTe based RF switches. This model
consists of a simplified equivalent circuit model of the phase change switch, and the heat
transfer function as well as the modeling of the changing electrical resistivity of GeTe
with changing temperature and voltage across the phase change layer.
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In this model, the equivalent circuit for the GeTe switch is simplified to a parallel
connection of a resistor with a changing resistance and a capacitor, with different element
values for each type of the switch. The heat transfer function is modeled based on
Equation (3.1). The electrical resistivity of the GeTe at the crystalline and amorphous
states are modeled based on Equations (3.2) and (3.3), where k, q, 70, Er, V, 4z and ua
indicate the Boltzmann constant, elementary charge, time constant for trapped electrons,
Fermi level, applied voltage, short trap distance, and effective thickness of the GeTe layer,

respectively.
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The temperature rise (AT) of the GeTe layer from the heating power (P) can be
estimated using the heat transfer function (Equation (3.1)) [74]. At the crystalline state,
the resistivity exhibits metal-like temperature dependence (Equation (3.2)) [55]. We
measured the TCR (a) of GeTe to be 2.3x10%/K in this state, which is close to the value
reported in [55]. The Poole-Frenkel (PF) model is used in the amorphous state to model
the change of the resistivity of GeTe (Equation (3.3)) [47]. The two main parameters in

Equation (3.3) are Ec-Er (energy distance between the Fermi level and the conduction
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band) and Nt (trap concentration). Reducing Ec-Er and increasing Nt make the
amorphous resistivity vary less with temperature rise and high voltage swings,
respectively, which results in improved P1gg and 11Ps.

The simulated frequency of the heat transfer function based on Equation (3.1) show a
low-pass characteristic for both types of switches [74]. The low frequency transfer
function gain is much dependent on the dimensions of the GeTe patch connecting the RF
pads and the thermal properties of the material surrounding the GeTe [72]. The two
switch types that were measured have similar thermal transfer functions since they have
similar dimensions of the GeTe pad, and similar thermal properties of the two structures,
except that the directly heated switch has both a top and bottom heater layer in contact
with GeTe, whereas the indirectly heated switch only has a bottom isolation layer
underneath with a smaller thickness. Therefore, the directly heated switch has a better
heat capacitance compared to the indirectly heated one, resulting in a slightly better
linearity.

The measured response of the switch and predicted response using the thermoelectric
model are compared in Figure 3.32. As can be seen, the input third-order intercept points
(1lPss) are both measured to be around 30 dBm, which vary at different center
frequencies and different frequency offsets. For both types of switches, the I1P3 response
at the ON state shows an increasing trend as the frequency offset increases. This is
because with a higher frequency offset, the mixed term in the 1IPs measurement is
suppressed, so the third-order inter-modulation signal is lower, and thus the linearity is

better. The changing center frequency, however, barely affects the linearity since the

96



frequency response of the switches at the ON state shows a relatively flat transmission
(Figure 3.13(a), Figure 3.26(a) and Figure 3.29(a)). On the other hand, The II1P3 response
at the OFF state is independent of the frequency offset, since the high switch impedance
at the OFF state results in a much lower heat generated from RF signals, but the 11P3
increases with an increased center frequency, because at the OFF state the linearity
depends on the voltage across the switch, which is a function of the switch impedance
[72]. The discrepancy between the measurement and simulation, especially in the
modeling of 1IPs with changing frequency offset, indicates that other possible factors,
such as current crowding, crystalline orientation, and phase change nucleation

mechanisms, should be taken into account.
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Figure 3.32. Simulated and measured I1P3 of a directly heated switch at (a), (b) crystalline
state and (c), (d) amorphous state with (a), (c) changing center frequency and a constant
50 kHz frequency offset, and (b), (d) changing frequency offset and a constant 2 GHz
center frequency. (a’) — (d’) show the corresponding plots for an indirectly heated switch.

The power handling capability of the GeTe RF switches are also evaluated by
measuring the 1-dB compression point (P1ds) of the devices. The measurement results are
shown in Figure 3.33. Due to setup limitations, the RF signal power did not go higher
than 20 dBm during this measurement, but the output power compression has not reached
1 dB at the input power of 20 dBm for either type of devices, indicating that Pigs is

higher than 20 dBm.
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Figure 3.33. P1gs measurement and simulation results for GeTe RF switches (a), (b) with
direct heating scheme and (a’), (b”) indirect scheme and (a), (a’) in ON state and (b), (b’)
in OFF state. The measured results show that both types of devices have P1igg higher than
20 dBm at both states, and the simulated results indicate P14g is generally around 30 dBm.

3.4. Reliability Analysis and Improvement

Switching reliability is a significant aspect of RF switches, since all switching

applications require a fair amount of switching activity during which the switches need to

survive and function consistently. In the case of GeTe RF switches, the switch reliability



is largely dependent on the reliable phase transitions of the GeTe and the stability of the
heater. In order to make sure the GeTe switches function reliably, we need to look into
both the material properties of GeTe to explore methods for better phase transitions, and

explore design optimization to build reliable heaters that endure repeated heating pulses.

3.4.1. Switch Breakdown Analysis

The GeTe RF switches that we have built, even though showing good RF
performance, are often observed to fail during the measurement process, especially after a
certain amount of switching cycling. Failure generally occurs when the switches are no
longer able to be turned on or off using heating current pulses as designed. The most
common reasons for a GeTe switch to stop working include heater breakdown and GeTe
material fatigue resulting in transition failure.

The joule heating method relies on the heat generated by drawing a short-duration
and high-amplitude current from the resistive heater layer. The heat generated by this
joule heating scheme is much localized, and thus causes a high temperature gradient
among different layers around the GeTe pad area. In practice, the required voltage for the
heating pulse can be as high as 20 V, or even higher depending on the sizing of the heater
and the GeTe pad. As a result, the stress generated by the heating pulse can cause the
heater path to break down. The image in Figure 3.34 shows a heater layer breakdown
after several cycles of phase transitions at a certain spot along the heater path because of

this reason. In more common cases, even though no obvious heater breakdown like this
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takes place, the stress generated by the heating pulses could result in gradual increase of

the heater resistance, which eventually causes the heater to fail.

L v
3.0KV 9.9mm L-x12.0k 2 30KV 80.Omm Lx35.0k

Figure 3.34. SEM images of a GeTe phase change switch with a breaking point along the
heater path. This breakdown is cause by the high stress generated due to the high voltage
of the heating pulses during phase transitions.

Among reported works on GeTe based phase change switches, the thin-film resistive
materials that have been used for heater include SiCr, NiSiCr, TiN as well as a few types
of metals such as Ti or W. The bottom passivation layer underneath the heater path is
most typically SiN, AIN, or SiO», and the passivation layer on top of the heater path that
serves as the isolation/thermal coupling layer is usually SisN4. Based on the thermal and
dielectric properties of these materials, a simulation recreating the heat distribution
condition during phase transition is performed to analyze how much stress is generated.
The simulated result of the heater in the SiO2-W-SisN4 configuration is shown in Figure
3.35(a). As comparison, a layer configuration with aluminum nitride (AIN) as the
substitute material for SiO2 and SisN4 for both the passivation layer and isolation layer is

simulated and included in Figure 3.35(b), considering the good thermal conductivity of
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AIN for faster heat dissipation in order to reduce the stress generated during the heating
process. The simulations show that a rather high stress is generated at the heater patterns,
especially where the heater path is anchored, so the heater breakdown situation described
in Figure 3.34 is possible to happen under a high voltage. But from the simulation results,
it can be seen that the second configuration with AIN shows a lower stress level with the
same amount of heat generated by the heating currents. Therefore, using a high-quality

AIN film, the stress issue and the heater breakdown issue could very well be addressed.

Time=0.1 s / Time=0.5 us
Volume: Stress tensor, xy component (N/m?) / Volume: Stress tensor, xy component (N/m?)
'3

/ v -2.28x10* V¥ -4.45x107

(@) (b)

Figure 3.35. Thermal simulations using COMSOL on the heater structure with the (a)
Si02-W-SisN4 and the (b) AIN-W-AIN material configuration. For both simulations, the
structures and dimensions are kept the same, and the electrical heating pulses are tuned

separately for each simulation to ensure the same temperature profile (with a peak
temperature of approximately 750 °C) is achieved. In the thermal simulations, the thermal
boundaries are defined such that the back side of the Si substrate and the top of the air
box (with a thickness of 100 um above the device) are at room temperature, and thermal
conduction models are used among the material domains in contact with each other. The
peak stress generated is approximately 228 MPa in (a) and 45.2 MPa in (b).

Another common cause for failure in phase transition comes from the GeTe layer.
Ideally, the GeTe pad that is connecting the RF ports is treated as a conductor in the ON

(crystalline) state, and a dielectric insulator in the OFF (amorphous) state. As previously
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discussed, in the OFF-state, the switch has been optimized so that only the GeTe via area
is in the amorphous state, and GeTe areas that are overlapping with the RF electrodes
stay in the crystalline area at all times during switch operation, as shown in Figure 3.28.
This operation reduces the volume of GeTe going through phase transitions during
switching, which helps with fast and reliable switching activities. An example TEM
image of the crystalline-amorphous interface within the GeTe layer in the device is also

captured and shown in Figure 3.36.

Crystalline GeTe

a6.tit

Cal: 0,033582 nm/pix

10:55:23 1/26/2017

TEM Mode: Imaging Direct Mag: 500000x

Camera: ADV, Exposure(ms): 976 Gain: 1.0, Bin: 1
Gamma: 1.00. No Sharpenina. Normal Contrast

Figure 3.36. TEM image of the GeTe layer showing the amorphous-crystalline interface
in the RF switch. In the crystalline GeTe area a lattice orientation can be clearly seen, and
in the amorphous (bright) GeTe area the lattice can hardly be seen.
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In reality, however, with improper heating pulse configurations, the GeTe pad can be
switched into an intermediate state, where conductivity of the GeTe is degraded
compared to the crystalline state GeTe, but it is much more conductive than the
amorphous state GeTe. In this situation, it is much more difficult to achieve successful
phase transitions through thermal actuation, as the GeTe pad has developed into a
mixture of crystalline and amorphous states at different portions of the volume. Figure
3.37 shows a TEM image of the atomic structure of the GeTe layer from a phase change

switch device that has failed the phase transition process.
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Figure 3.37. TEM image of amorphous GeTe with material fatigue failing further phase
transitions. In the image, small scattered crystalline areas can be seen, but the GeTe is
mostly amorphous.

Other than the improper heating pulses applied, the phase transition failure in the

GeTe film also has another potential cause related to the oxidization and other forms of
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impurity introduced to the film. In order to further explore the GeTe film quality and
determine the impurity level change in the GeTe film before and after switching activities
in the device, energy-dispersive X-ray spectroscopy (EDXS) measurements are taken
Figure 3.38(a) and Figure 3.38(b). The element percentages for Si, O, Te and Ge are
33.42%, 40.78%, 9.80% and 8.73% before switching, and 37.42%, 54.44%, 3.76% and
3.01% after switching failure. Considering the errors during the EDXS measurements, the
O/Si ratio instead of O percentage alone is used to estimate the amount of oxygen
element in the GeTe film. The increased O/Si ratio indicates possible GeTe film
oxidization. Other reactions may also have caused the increased impurity and thus
switching failure. The measurement shown in Figure 3.38 was performed on a GeTe
switch where the GeTe film does not have top passivation, and is exposed in air during
both the switching activities and the EDXS measurements, which could have possibly
encouraged the reaction between oxygen in air and the GeTe film. Measurements have
also been done on devices where GeTe films are passivated with a thin SisN4 layer on top.
Even though the issue with film reaction and oxidization is mitigated with the presence of
a top passivation layer, the increased amount of impurity can still be observed in the
measurements.

In order to avoid quality degradation of GeTe film, it is important to ensure an even
heat distribution across the entire GeTe pad, and well-designed passivation for GeTe
protection. To achieve even heat distribution, the heater needs to provide evenly
generated heat along the path and the thermal coupling layers needs to have good thermal

conduction at the GeTe pad area. In order to prevent or mitigate the GeTe film impurity
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issue, better GeTe layer starting quality and proper protection are also needed in future

designs to achieve better switch reliability.

cps/eV

3.01
2.5+
2.01
1 Te
180 Ge Si Te
1.5+
1.04
0.5
0.0-
1 2 3 4 5 6 7
kev
(a)
ps/eV.
4
1pd
|Au
e
H+-o0 A
e | el SiiAut|pd_| | e G
DA 0 I A e o A
| |
‘ 1]
o4 o o
1 3 4 s € 7 8 9 10
kev

Figure 3.38. Energy-dispersive X-ray spectroscopy (EDXS) measurements of the GeTe
film in the RF switch (a) before any switching activities have been applied and (b) after
the device has failed switching after a certain amount of switching activity.
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3.4.2. Switch Reliability Evaluation

In order to evaluate the reliability of the GeTe RF switch under frequent switching
activities, a repeated switch measurement has been performed. This process includes
turning the switch ON and OFF repeatedly by applying heating voltage pulses, and record
the resistance of the switch after each switching activity. If the switch becomes very
difficult or impossible to turn ON or OFF in the process, the measurement is stopped. In

this measurement the GeTe switch with indirect heating method is used.
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Figure 3.39. Resistance response of the indirectly heated switch measured with repeated
switching activities using thermal actuations.

The reliability measurements have been performed on different batches of fabricated

devices as well as different devices within the same batches. The results show a great

107



variation among devices in terms of reliability. While some devices survived only a few
cycles of switching activities, many devices are able to be switched for over a hundred
cycles without experience any issue. A typical resistance measurement during the

switching activities is shown in Figure 3.39.
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Figure 3.40. : ON and OFF state resistance of GeTe switches using indirect heating, after
each time a successful phase transition through a heating pulse is observed. (a) a
resistance value above 10 kQ is treated as a successful transition to the OFF state, and the
resistance values at both states are generally stable with occasional fluctuations; (b) a
resistance value above 1 k€ is treated as a successful transition to the OFF state, and the
ON state resistance values are more stable in comparison to (a).

Generally, phase transition of GeTe from the crystalline to amorphous state is called
successful when an OFF resistance of over 10 kQ is achieved. However, due to the
imperfection in the thermal actuation process and partial phase transitions of GeTe, in
some cycles the ON state resistance is higher, and the OFF state resistance is lower than

others, which indicates certain instability. An alternative approach used to reduce the
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heater power consumption and increase switching cycles is to apply enough power to get
an OFF state resistance of above 1 kQ. Since the isolation in the OFF state is mostly
dependent on the capacitance between the RF terminals, a relatively lower resistance of 1
kQ will not greatly affect the isolation of the switch, but this makes the phase transitions
much easier for an extended number of switching cycles. The resistance responses of

these two types of measurements are shown in Figure 3.40.

3.5. Summary

In this chapter, chalcogenide phase change materials, especially GeTe, in RF
switching applications have been discussed. The two types of four-terminal GeTe RF
switches are presented in detail, including the design and fabrication process as well as
the performance evaluation and reliability analysis. Overall, GeTe has shown its
promising potential in the application of reconfigurable RF modules and systems. A brief
performance comparison among different RF switching technologies is provided in Table
3.3.

In Table 3.3, measured results of two types of GeTe RF switch designs from this
work and another reported GeTe based phase change switch design are included, along
with other technologies such as RF MEMS, SOI/SOS and pHEMT. It is shown that GeTe
RF switches have competitive performance overall compared to existing technologies,
with a wider operating frequency range and high RF performance at high frequencies
compared to most solid-state based switches. Compared to RF MEMS switches, although

GeTe switches are generally showing a lower cut-off frequency, they offer the advantage
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of smaller size,

lower operating DC voltage, good scalability and integration

compatibility, as well as easier fabrication and lower cost. While GeTe switches are

showing higher power consumption for switching activities than other designs, the

switching power is pulse based and therefore the total energy budget can be well

managed.

Table 3.3. Comparison of RF switch designs using different technologies.

GeTe GeTe GeTe 0.15um
(Direct (Indirect | (Indirect RF 0.18 um | 0.25 um GaAs
Technology Heating | Heating Heating MEMS SOl SOS pHEMT
Scheme) | Scheme) | Scheme)
This This
Example(s) | work [64] work [63] [76] [20] [12] [77] [11] [78]
[65] [72] [75]
gﬁezag:{ég Upto20 | Upto20 | Upto40 | Upto50 | Upto10 | Upto25 | Upto 0.9
quency | GHz GHz GHz GHz GHz GHz GHz
Tested
Insertion 0.5dB 0.3dB 0.2dB 0.2dB <1.5dB <1dB 0.25dB
@ @ @ @ @ @ @
Loss 20GHz | 20GHz | 20GHz | 50GHz | 10GHz | 25GHz | 9GHz
18 dB 11dB 15dB 25 dB 17 dB
Isolation @ @ @ @ @ - -
20 GHz 20 GHz 20 GHz 50GHz | 10 GHz
>12.5 0.637 0.355 0.366
feo >4 THz | >5.6 THz THz >20 THz THz THz THz
Switching
Speed <3 pus <2 us - ~1pus 0.1-1ps | 0.1-1ps ~1pus
(Typically)
Switching <100 - pW — ~uW —
<2W <L2W 0 static ~mW
Power mw (Pulse) (Pulse) power mw mw (static)
(Typically) | (Pulse) (static) (static)
Control | 15y | <0V : <100V | ~25V | ~4v | -5V
Voltage
Power
; >>20 >>20 <30 30-50 30-50 20-0
Han_dllng dBm dBm >35dBm dBm dBm dBm dBm
(Typically)
Size , , , ,| 01-10 [ 01-10 | _ )
(Typically) <500 um? | <500 um?* | <500 um?* | >10 mm mm2 mm2 10 mm
Cost Low Low Low Mf}?g;]m- Very low | Low MLe(()j\?L/J-m
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CHAPTER 4 Reconfigurable Bandpass Filter Using GeTe RF Switches

A reconfigurable bandpass filter for X-band applications has been implemented using
our GeTe-based phase change switches. The design methods and performance
measurements have been reported in [79]. This filter has been implemented as a proof of
concept to demonstrate applicability of GeTe switches in frequency agile RF modules,
showing promising performance compared to existing reconfigurable bandpass filter

designs at a similar frequency range.

4.1. Motivation and Background

There is a high demand for compact and low-loss reconfigurable filters for various
advanced wireless applications. A number of common applications of reconfigurable
filters can be named including cognitive radios, modern transceivers, anti-jamming
communication systems, etc. [80]. With reconfigurable filters, wireless communication
systems that require multiple operating frequency bands can be implemented with smaller
size and reduced cost compared to conventional systems using multiple single-frequency
filters. Compared to low-pass or high-pass filters, bandpass filters provide an improved
signal-to-noise ratio (SNR) and better rejection of out-of-band signals [81].

There have been various designs reported for implementing tunable or reconfigurable
filters. The frequency tuning for such devices is achieved electronically by technologies

such as solid-state varactors or switches [82], RF MEMS switches or capacitors [83],
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magnetic or ferroelectric components [84, 85, 86], etc. Solid state tuning elements such
as varactors and switches are the commercialized type of devices used in tunable or
reconfigurable filters. While they are commonly used in wireless systems with good
reliability and compatibility for integration, they tend to have relatively high losses (high
electrical resistance), especially at high frequencies (>10 GHz) and linearity issues
limiting their application areas. MEMS tuning elements, such as electrostatic switches,
are proven to have much better insertion loss and isolation performance across a wide
frequency range [20]. They typically use suspended or other types of mechanical
structures to switch between states, and provide very low contact resistance when
switched on because of the direct metal contact, and extremely high resistance when
switched off. However, a high DC voltage (usually more than 20 V) is typically required
for pull-in and a constant voltage need to be applied to maintain the ON state. In addition,
due to their suspended mechanical structures, the fabrication process of such devices is
usually complicated and has yield and reliability issues.

The X band, which is defined as the frequency range from 7.0 to 11.2 GHz (or 8.0 to
12.0 GHz according to IEEE standards), is commonly used by civil, military and
government radar applications such as weather monitoring, air traffic control, defense
tracking, law enforcement, etc. There are several reported designs of X band and near X
band planar tunable filters that provide good performance using MEMS switches [83],
yttrium iron garnet/gadolinium gallium garnet (YIG/GGG) [85], ferroelectric barium-
strontium-titanate (BST) capacitors [86], and vanadium oxide (VOx) switches [87] as the

tuning elements. The tunable bandpass filter design reported in [83] is based on a 2-bit
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tuning structure using ohmic contact MEMS switches that provide frequency tuning
ranges of 20% and 44% at the frequencies between 12 GHz and 15 GHz with two
different device sets. The fabricated devices are measured to have a fractional bandwidth
of 5.7% and an insertion loss lower than 3.2 dB at all states, with an unloaded quality
factor of better than 75. The work reported in [85] utilizes YIG/GGG layers on a
RT/Duroid substrate to achieve frequency tuning in the X-band. This filter operates at
different center frequencies from 8 GHz to 12 GHz, with 3-dB fractional bandwidths of
approximately 10% to 14%, and an insertion loss of 2.5 dB. The design reported in [86]
IS a two-pole microstrip line based tunable filter using ferroelectric BST capacitors as the
tuning elements with a center frequency around 10 GHz and a constant fractional
bandwidth of 8.5% within the tuning range of approximately 8.3%. This reported design
provides an insertion loss lower than 2.7 dB. The work reported in [87] presents a
reconfigurable bandpass filter that integrates VOx microwave switches into a spilt ring
resonator based design. The VOy is a relatively new type of material for RF applications
that provides fast and reversible semiconductor-to-metal transition, and is used in
microwave switches to achieve reconfigurability. This work shows a filter insertion loss
within 5 dB and a 3-dB bandwidth of 12-13%. The challenge with VVOy switches is that
they have a low power handling capability and comparably poor linearity. They also
require a constant bias to stay in one state. In [79], we presented a reconfigurable
bandpass filter for X-band applications using a new tuning technique. Here, the design
and fabrication process are discussed, and the performance of filters is analyzed and

compared to the designs mentioned above.

113



As previously discussed, RF switches using phase change materials have gained a lot
of attention as they offer fast switching speed (< 10 pus), large cut-off frequency (> 4
THz), high OFF/ON resistance change ratio (amorphous/crystalline resistivity ratio of >
104, small size (in few um? range), zero in-state power consumption, high power
handling capability (P1as > 25 dBm), and high linearity (I11Ps > 50 dBm) [61, 62, 72]. The
phase change material based switches show great potential in reconfigurable RF
applications. However, the focus so far has been on implementing the switching element
and only a handful of reports exist on exploiting phase change switches in functional RF
modules [88, 89]. The idea of employing phase change material based RF switches in the
design of tunable/reconfigurable filters has been realized in [79]. With the development
and maturing of phase change material based RF switches, the reconfigurable filter that
we proposed is showing competitive performance results and further analysis and

evaluation have also been performed [90].

4.2. Design Procedure

The two main types of GeTe based RF switches that we have designed use direct
heating and indirect heating. Although the design with direct heating provides advantages
such as high switching power efficiency, the design with indirect heating has a simpler
fabrication process, better electrical isolation between the RF signal transmission path
and the heater terminals, and is therefore preferable to use in the proof-of-concept design

of the reconfigurable bandpass filter.
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This filter prototype is designed to target the X-band frequencies for military
communication applications with an uplink band frequency of 8.15 GHz and a downlink
band frequency of 7.5 GHz. For both bands, the 3-dB bandwidth is targeted at 500 MHz,
and the target insertion loss for both bands is 4 dB or lower. The main structure of the
filter is implemented with microstrip lines, and the reconfigurability of the filter is
realized using the GeTe RF switches with indirect heating that are integrated on chip.

The filter is based on coupled microstrip line resonators, which uses an open-loop A/2
microstrip line configuration. The frequency band selection is realized through shifting
the center frequency of the resonators with switchable capacitors (open-circuited
microstrip line stubs). The capacitor switching is achieved using the GeTe based RF
switches. The external coupling of the filter is achieved by coupled feed lines at the
terminals. The detailed schematic of the filter structure is shown in Figure 4.1.

In order to obtain the targeted constant absolute bandwidth (CABW) of 500 MHz
from the specifications, calculations and simulations are done to tune the element
parameters of the filter. The design procedure starts based on a low-pass Butterworth
filter prototype, with elements go, g1, g2 and gs. According to the target center frequencies
(f1 and f,) and the 3-dB fractional bandwidth (A), one can calculate the corresponding
required external quality factor (Q.,:) and the coupling coefficients (k,,) of the
microstrip line resonators. The calculations can be done with Equations (4.1)-(4.3). In
Equations (4.1a)-(4.1d), the admittance parameters [Y] correspond to the impedance

parameters [Z], and the constant parameters used are listed in Table 4.1.
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Figure 4.1. The schematics of the X-band reconfigurable bandpass filter using GeTe
based RF switches showing (a) the entire circuit model, (b) the section with the coupled
resonators, and (c) the circuit model of the resonator with the external coupling circuit.
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Table 4.1. Constant parameters used in the design calculations.

Parameter Value
Zo1 37 Q
Zo1 233 Q
Z, 33Q
6, 55°
0, 23°
0, 95°

0.055
~ Desired k , for CABW of 500 MHz
§0_050 ~+ Calculated k , for CABW of 500 MHz
g
2
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3
£
= 0.040 |
>
S
0.035 1 1 - 1 . 1 . 1 . 1 . 1

70 72 74 76 78 80 82 84
Frequency (GHz)

Figure 4.2. Desired and achieved coupling coefficients of the coupled resonators in the
filter as a function of frequency.
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The admittance parameters Y;; and Y;, are first calculated based on Equations (4.1a) -
(4.1d). In order to achieve constant absolute bandwidth (CABW), the coupling coefficient
conditions are required to satisfy Equation (4.2b) across the entire tuning range and the
external Q should satisfy Equations (4.3) [91]. The required and calculated coupling
coefficient k,, for a constant bandwidth of 500 MHz at the two target center frequencies
are plotted in Figure 4.2.

In summary, the design procedure of the phase change reconfigurable filter is as
following: 1) Given the filter specifications, including the center frequencies (f; = 7.5
GHz, f, = 8.15 GHz) and the absolute bandwidth (BW3q4g), we obtain the desired values
of external quality factors and the coupling coefficients by using Equations (4.1)- (4.3). 2)
Then, we design the half-wavelength resonators to operate at f;. The frequency f, is
mainly determined by the length of resonators, i.e., (li+l2+13). The lower passband
frequency f1 is mainly determined by the dimensions of stub, i.e., (ws, ls). The mixed
coupling between resonators is realized using coupling lines (l2). Once the line width w
and the length I> are fixed, the coupling coefficients depend on the gap s. By changing
impedances of the coupled lines (Ze1, Zo1 and 61), ki2 can be synthesized with different
slopes for low-band (f;) and high-band (f,) modes. Then, the initial values of wi, Iz, I2, I3
and s can be obtained. 3) Once the line width w1 and the line length |1 are fixed, the
external quality factor Q.,; is controlled by the gap go and the width w.. 4) The GeTe
switch design follows the procedure outlined in [72]. 5) Finally, using the initial
parameters from the above-mentioned steps, we perform full-wave simulations using

ANSYS HFSS to take all parasitic effects into account and we optimize and finalize the
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design. In addition, the simulated performance of the GeTe RF switches showing the
insertion loss and isolation is shown in Figure 4.3, which is used in the overall system
simulation in case of any parameter shift from the GeTe switches when fabricated alone.
A top-view schematic of the filter design layout along with a zoomed-in view of the

GeTe RF switch is shown in Figure 4.4.

00
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Switch ON _—
-0.8 P IENPU PN I R R R R SR -50
0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 4.3. Simulated S-parameters of the GeTe RF switch showing the insertion loss and
isolation used as a reference for the simulation of the filter design.
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Figure 4.4. Top-view layout of the reconfigurable bandpass filter using GeTe based RF
switches. A zoomed-in view of a GeTe RF phase change switch is also included.
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4.3. Fabrication Process

The fabrication process of the GeTe RF phase change switches using indirect heating
has been discussed in the previous chapter. Since the reconfigurable bandpass filter
consists of both microstrip line coupled resonators and GeTe RF switches, a fabrication
process is designed to integrate the GeTe switches on chip with the microstrip line

structures. The cross-sectional schematic of the device is shown in Figure 4.5.

[ ] SiSubstrate
[ Passivation

I Heater
I GeTe
[ ]Au

Figure 4.5. Cross-sectional schematic showing structure of the filter design. The
microstrip lines share the gold layer from the GeTe switches. This diagram is intended to
show the layer configuration, and does not reflect the actual device layout. The device
layout is shown in Figure 4.4.

The fabrication of the GeTe RF switch based reconfigurable bandpass filter is
performed on a double-side polished high-resistivity Si substrate for its high dielectric
constant, high thermal conductivity, low substrate loss and compatibility with the GeTe
RF switch fabrication processes. The detailed fabrication process flow is shown in Figure
4.6. The process starts with a back side coating of Au layer with a thickness of 500 nm to
form the back plate. The front side process is similar to the GeTe RF switch process

when fabricated standing alone. A SiO passivation layer with a thickness of 2 pum is
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deposited as the passivation layer, followed by the patterning of the thin film resistive
tungsten (W) heater layer with a thickness of 200 nm. The heater layer is then covered by
a 50 nm Si3Nj4 isolation layer for the heating embedding process, and the GeTe layer is
then patterned on top, with a thickness of approximately 100 nm. The RF contact
electrodes for the GeTe switches are patterned on top, with a thickness of 200 nm. Finally,
the patterning of the RF metal routing for both the GeTe switch and the microstrip line
structures are performed on top of the wafer. Additional passivation layers for device
protection are also deposited. A microscope image of the fabricated device is shown in

Figure 4.7. The device size is approximately 11 mm by 5 mm.

(a) Deposition of dielectric layer on substrate  (b) Patterning of bottom heater layer

—_

(c) Patterning of first GeTe layer (d) Patterning of gold RF electrodes layer

= ="

(e) Patterning of second GeTe layer (f) Patterning of top heater layer

Figure 4.6. Fabrication process flow of reconfigurable bandpass filters using GeTe phase
change switches.
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Figure 4.7. Microscope image of the fabricated reconfigurable bandpass filter.

4.4, Measurement Results

The fabricated reconfigurable filter is measured to evaluate its RF performance.
When the GeTe switches are ON, a lower frequency pass band of 7.45 GHz (7.5 GHz
from simulations) is achieved with an insertion loss of 3.2 dB, 3-dB bandwidth of 482
MHz, and return loss > 30 dB. When the GeTe switches are OFF, the filter is switched to
the higher frequency band of 8.07 GHz (8.15 GHz from simulations) with insertion loss
of 2.6 dB, bandwidth of 520 MHz, and return loss >18 dB. The unloaded quality factor
Qu of the microstrip resonators with GeTe RF switches estimated using Equation (4.4)
[92] is 59/73 in the downlink/uplink bands, respectively. The measured and simulated S-

parameters are shown in Figure 4.8.

I.L.(dB) = 4.343%1", FBMg/iQui ............................................................................. (4.4)
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Figure 4.8. Measured and simulated S-parameters of the reconfigurable bandpass filter
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Figure 4.9. Measured 1Pz at the (a) downlink band (7.45 GHz) (b) uplink band (8.07
GHZz) of the reconfigurable bandpass filter.
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Figure 4.10. Measured S21 of the filter at varying input power levels at the (a) downlink
band (7.45 GHz) (b) uplink band (8.07 GHz).
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The linearity and power handling capability of the device are also evaluated by
measuring its 11P3 and Pigs, respectively. The 11P3 is measured at the center frequencies
of the pass band. The extracted 11Ps at 1 kHz offset is better than 30 dBm for both states
(Figure 4.9). Measured results also show that the tunable filter can handle more than 25
dBm of input power at both states of the switch before 1-dB compression occurs (Figure

4.10).

Table 4.2. Performance comparison of the GeTe RF switch based reconfigurable
bandpass filter to other reported designs targeting the similar frequency range.

Ref Tuning BWsds IL Range | Estimate V(i'lczse Size Tuning Power
" | elements (%) (dB) | (GH2z) dQu (V)g (mm?) Speed | Consumption
MEMS 2.6-
[83] switch 5.8 20 12-15 77-81 60 5x4 10 us Near 0
[84] YIG 8-14 2.5 8-12 <25 N/A 40x15 N/A N/A
BST 2.0- 10-
. . <4 Ax6. N/A N/A
[86] capacitor 85 2.7 10.56 0 30 3.1x6.9 / /
VOx 8.6-
871 | iches | 1213 5 92 <20 60 9x7 <10ps | 1.8 W (pulse)
This GeTe 2.6- 7.45- 3.9x 0.5~1.5W
4-6. - <6
work | switches 6465 3.2 8.07 59-73 151020 10.8 HS (pulse)

Table 4.2 compares the performance specifications of this filter with reported filters
in the X band. As shown, the proposed filter offers competitive performance. Compared
to MEMS tunable filters, our reported filter shows a faster response time and requires
lower amplitude voltage pulses for actuation. Compared to ferroelectric and YIG-type
filters, it shows a comparable IL for a much higher filter Q and finally, compared to VOx
type filters, it offers better linearity and does not consume static power to stay in the ON

or OFF state.
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CHAPTER 5 Conclusions and Future Directions

5.1. Thesis Contributions

The research work discussed in this thesis provides the following key contributions:

1. Investigation into properties of GeTe phase change material and its thermally

actuated phase transition activities.

This work combines the investigation of phase change materials in a
semiconductor physics perspective and exploration of phase change material
behaviors in RF applications based on testing and measurement results. A
literature summary of phase change material studies in the early stages has been
provided in the thesis, showing the progress from early discovery of disordered
semiconducting material consisting of Te, As, Si and Ge, to generalized
chalcogenide phase change material property study. Specifically, the study of
GeTe has been performed to explore the phase transition properties.

The comparison of electrical and optical properties between amorphous and
crystalline GeTe films have been performed, assisted by SEM and TEM imaging,
XRD measurement, EDS material study, as well as optical ellipsometry
measurements. The crystallization and amorphization processes of GeTe films
have also been explored with varying parameters and conditions to determine the

optimal process to achieve most complete phase transitions. This study
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contributed to a step towards optimization of GeTe-based RF phase change ohmic

switches in terms of RF performance and switching reliability.

2. Development of GeTe-based RF phase change ohmic switches with the four-terminal

structures.

Based on the previously proposed GeTe-based RF phase change ohmic switch
with the two-terminal structure, a new four-terminal structure has been devised
and developed. While inheriting the direct heating method from the two-terminal
structure, the four-terminal switch is able to separate the thermal actuation pulses
from the RF signals. With this structure, the RF signal transmission path and the
heating path can be separately optimized for their functionality, while maintaining
decent switching power efficiency. The device has been implemented and
optimized with good RF performance, with an insertion loss less than 0.5 dB and
an isolation above 18 dB from DC to 20 GHz, showing a figure-of-merit cut-off
frequency over 4 THz. This indicates competitive performance compared to
existing RF switch designs with solid-state or MEMS technology. The switch has
also been verified to have good linearity and power handling capability.

A four-terminal structure with indirect heating scheme for the GeTe-based RF
phase change ohmic switch has also been developed. Compared to the direct
heating scheme, this indirect heating scheme results in a simplified device
structure and fabrication process. The heater embedding process for this device
structure ensures electrical isolation between the RF and heater terminals, which

minimizes RF signal leakage into the heater terminals, and therefore provides
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better integration compatibility with other modules within certain RF systems.
Since the resistive heater path in this structure is relatively independent from the
GeTe connection of the switch, it is possible to build switch stacks where the
GeTe switches can be connected in series or parallel sharing a single resistive
heater for better voltage or current handling capability. The GeTe RF switch with
indirect heating method has also been fabricated and tested, showing good
performance. The optimized design shows an insertion loss within 0.3 dB and an
isolation above 11 dB from DC to 20 GHz, indicating a figure-of-merit cut-off
frequency over 5.6 THz.

A series of nano/micro-fabrication processes have been developed for GeTe-
based RF switches. A plasma induced sputtering process has been characterized
for GeTe thin-film deposition with a single GeTe target. The detailed parameters
for the sputtering process has been optimized for best film quality of GeTe, which
is essential for successful crystallization and reliable phase transitions of GeTe
vias in RF switches. Two different patterning methods for GeTe films using lift-
off and plasma etching, respectively, have been developed and compared in terms
of film and pattern quality. Depending on the device structure, fabrication process
and applications, both patterning methods have been used and a process has been
characterized for both methods. Other fabrication process steps, including the
GeTe-metal contact characterization, the heater embedding process, and surface
polishing and cleaning process have also been characterized to yield an optimized

switch performance.
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A thermoelectric modeling method that was previously developed has been used
for the GeTe RF switches with both direct heating and indirect heating to relate
the thermal and electrical properties of the devices. The model analyzes the
impact of RF signals to the switches when operated at high RF power levels in
order to predict potential issues including self-actuation, non-linearity, and limited
power handling capability. Corresponding measurements have been taken to
verify good accuracy of the modeling method.

Reliability and breakdown analysis of the GeTe switches have been performed.
Repeated switching activities have been applied to the devices under test to
evaluate the stability and reliability of the GeTe RF switches. Upon switching
failure, the device is investigated to determine the cause for breakdown. Common
reasons for device switching failure have been identified such as the heater
breakdown, GeTe material fatigue and oxidation, etc. High-resolution imaging

techniques including SEM and TEM have been used to facilitate the analysis.

3. GeTe Switches in Reconfigurable RF Applications

A reconfigurable bandpass filter for the X-band communication applications has
been implemented using GeTe-based RF switches as the reconfigurable elements.
An integrated fabrication process has been developed for the GeTe switches to be
fabricated on chip with the microstrip line coupled-resonator based filter. The RF
measurement results of the filter shows promising performance, and a comparison

among novel designs of reconfigurable/tunable filters using technologies such as
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MEMS, ferroelectric, and VO, is also provided to evaluate the potential and

advantage of GeTe-based switches in reconfigurable RF applications.

5.2. Future Research Directions

The research work in this thesis has contributed to better understanding of material of
GeTe phase change material property at radio frequencies, the development of high-
performance RF switches using GeTe, and their applications in reconfigurable RF
systems. Based on the results achieved and issues discovered during the course of this

research, possible directions for future research are suggested below.

5.2.1. GeTe Atomistic Structure Modeling and Analysis

Although a number of different possible atomistic structures of crystalline GeTe has
been proposed facilitated by high-resolution TEM imaging and X-ray diffraction
measurements [54, 59], it is still not completely clear how the crystalline structures
within thin-film GeTe is formed, and what exact structures they possess given different
crystallization conditions. According to our findings, the properties of GeTe films (and
also phase change materials in general) can be significantly process dependent, and
because of that, different reported material study results can been found when the film
preparation and annealing processes are performed in different works under different
conditions. Even though the GeTe film study and phase transition analysis in this work
has resulted in findings that agree with other reported works in terms of general material

behavior and trends, the exact numbers such as electrical and optical parameters,
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crystallization temperature, phase transition speed, etc. are not always the same. It can be
reasonably assumed that the formation of the crystalline structure within the GeTe films
during the crystallization process is not entirely the same when performed under different
setups, and the differences in the crystallization and amorphization process have resulted
in differences in electrical and optical properties of the GeTe films.

For the reasons mentioned above, it is very useful to further investigate the exact
atomistic structure of the crystalline GeTe films and the formation process of the GeTe
crystal. From our TEM imaging results, it has been noted that the GeTe films deposited
and crystallized following our process steps exhibit a poly-crystalline structure, with
different crystalline volumes showing different lattice orientations. But it is not known if
the different crystalline volumes also have a structural difference other than an
orientation difference. A better understanding of the crystalline structure can help with
the optimization of the annealing process, obtaining GeTe films with better crystallinity,

which will help improve the performance of GeTe-based RF switches.

5.2.2. Performance Improvement of GeTe RF Switches

Further performance and reliability improvement of the GeTe based RF switches is
essential to their applications in reconfigurable RF modules. Some existing designs of
GeTe-based RF switches reported in the recent years have been modified for performance
improvements through both structural modifications and fabrication process refinement

[93, 94, 95, 96, 76]. Future research regarding further performance improvement of GeTe
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RF switches continuing from this thesis can be focused on the exploration of structural

variations of the devices and further fabrication process enhancement.

5.2.2.1. Structural Variations

The two main structures of the four-terminal GeTe-based RF phase change switches
discussed in this thesis use the direct heating and indirect heating schemes. The structure
of both types of devices can be varied in terms of layer configuration and terminal
placement. Such variations of the devices can help compare the performance in terms of

RF operation and switching activities.

[ ] SiSubstrate
[ Passivation
I Heater
I GeTe

[ Au

Figure 5.1. An alternative structure of the four-terminal GeTe based RF ohmic switch
using direct heating with two heater terminals laterally connected and two RF terminals
vertically connected by the GeTe via.

For the direct heating scheme, the previously discussed structure of the GeTe
switches consists of a laterally connected RF signal transmission path and a vertically
connected heater path. This in-line structure is designed for low-resistance RF metal
contact out of fabrication process considerations, since the two RF electrodes in this

structure is symmetrical and RF contact metals stepping over a thick layer are avoided.
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The heater terminals are connected vertically since the heater path impedance needs to be
matched for efficient heat delivery and low resistance is not critical for the heater
terminals. However, there is a possible alternative to switch position between the RF and
heater terminals, with the RF electrodes vertically connected by the GeTe via, and the
heater terminals connected laterally, instead, as shown in Figure 5.1. This structure
provides the advantage of an even lower resistance between the RF terminals, since the
thickness of the GeTe film is much smaller than its length or width. The potential issue
with this structure is the low isolation between the RF terminals because of the
significantly increased capacitance between the RF electrodes due to the spacing. Sizing
of the RF metal is important to balance the trade-off between the switch insertion loss
and isolation. The heater terminals are instead connected laterally, and due to the
increased resistance of the GeTe via in the lateral direction, the heater design could

possibly be simplified.

[ ] SiSubstrate
[ Passivation
B Heater
I GeTe

[ Au

Figure 5.2. An alternative structure of the four-terminal GeTe based RF ohmic switch
using indirect heating with a top heater configuration.
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For the indirect heating scheme, there is also an alternative structure that can further
simplify the fabrication process as well as the GeTe-metal contact quality. Instead of
embedding a resistive heater underneath the GeTe via, a top heater layer is patterned after
the patterning of the RF electrodes and a top passivation layer to isolate the heater from
GeTe and RF electrodes. A simplified schematic of the cross-sectional diagram for this
structure is shown in Figure 5.2. Without the heater embedding, the fabrication process is
significantly simplified. In this structure, the GeTe via is patterned first, which ensures a
flat substrate for GeTe layer growth. This is also beneficial to the GeTe-metal contact
quality. The potential issue with this structure is the slow heat dissipation rate into the
substrate, since the heater is placed on the top, and slow heat dissipation could increase

the temperature overtime resulting in slower possible duty cycle for the device.

[ ] SiSubstrate
[ Passivation
I Heater
- GeTe

] Au

Figure 5.3. An alternative structure of the four-terminal GeTe based RF ohmic switch
using indirect heating with an embedded heater and a vertically connected RF signal path.

Other possible alternative structures can also be designed to explore and compare the
functionality and performance of the switch. With the differences in each possible

structure, they will each provide performance-related advantages and disadvantages, ease
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of fabrication process, etc. Another example of a structural variation is shown in Figure
5.3, where a resistive heater is embedded underneath the GeTe via for indirect heating,
but the RF terminals are connected through the GeTe via vertically, which provides more
degrees of freedom when optimizing the switch performance. But the GeTe-metal contact
configuration and layer stack requires more accurate photo-lithography in the fabrication
process. Other than the ohmic switch configuration, a capacitive shunt switch
configuration can also be built with GeTe phase change material. A proposed structure of
a GeTe RF shunt switch has been reported, where the GeTe via is used to connect the
shunt path between the transmission lines [97]. In this design the switch is turned ON
when the GeTe is in the amorphous state, and the RF terminals are connected through the
conductive transmission line, providing very low insertion loss. When the GeTe is
crystallized, the switch is turned OFF at high frequencies due to the shunt element. A

good isolation has also been verified at the OFF state of the switch.

5.2.2.2. Fabrication Process Improvements

While the exploration of structural variations can help with improvement of the
functionality and performance of GeTe RF switches, efforts can also be made to improve
the effectiveness of phase transitions of the GeTe via. A lot of fabrication process related
characterizations can be done to obtain GeTe films with higher quality, better phase
transition reliability and better GeTe-metal contact stability.

In this work, the development process of GeTe RF switches has been using GesgTeso,

due to its low crystalline state electrical resistivity and high amorphous-crystalline
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resistivity ratio. The low crystallization temperature of GesoTeso compared to GeTe films
with other stoichiometric ratios as suggested in Figure 2.8 also provides the advantage of
low phase transition power. However, it is possible to explore GeTe films with composite
ratios close to 50:50 and observe the trend of resistivity and phase transition temperature
change, in order to optimize the phase transition characteristics of GeTe films [35]. This
can be realized by co-sputtering from a Ge and a Te target, or multiple GeTe targets with
different ratios.

In the film preparation process of GeTe or chalcogenide phase change materials,
works have been reported to manipulate the phase transition temperature, phase transition
speed, reliability, etc., through the introduction of doping elements, or impurity and
defects into the phase change material films [98, 99, 100]. In [99], Co has been used as
dopant to identify vacancies in crystalline GeTe, and the Co-doped GeTe films with
different Co concentrations are showing different response in the X-ray diffraction and
photoelectron spectroscopy measurements, indicating different crystalline structures. This
is primarily because the Ge vacancies in the rock-salt structure GeTe are replaced with
Co where Co-Te bonds are formed. The work in [100] has reported an ultralow-power
switching mechanism of GeTe phase change material through defect engineering. By
properly introducing defects in the crystalline GeTe, the carrier-lattice coupling can be
enhanced and therefore the required work to introduce bond distortions necessary for
amorphization is significantly reduced. This has eventually allowed reduction of required
current density of at least 80 times in order to amorphize the GeTe film compared to

sample without the introduction of defects. Similar approaches to the reported works
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above can be explored to manually modify the phase transition characteristics in order to
obtain GeTe phase change material films with better phase transition power efficiency,
better crystalline films with higher grain size and other properties that will better suit
reconfigurable RF applications.

The GeTe-metal contact is also important to the performance of the GeTe RF
switches. Ideally, the electrical contact between the GeTe film and RF metal is required
to have minimal contact resistance, in order to achieve low insertion loss when the GeTe
is in crystalline state. Since Au is the RF electrode material used in this work and many
other similar works [93] [95], it is important to ensure good contact by implementing the
proper contact layer stack between the GeTe-Au interface. In theory, the preferred
contact material depends on the carrier type of GeTe. In our case the GeTe film is
measured to be high carrier density p-type, and therefore a metal layer with high work
function is better in order to form an ohmic contact. However, a lot of fabrication related
detail including chemical selection, surface treatment condition, contact layer structure,
etc. can affect the contact quality and phase transition process of GeTe [101]. Further
exploration can be performed to optimize the GeTe-metal contact in order to achieve

lower contact loss and more reliable switching activities.
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