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Abstract

This research is devoted to studying the chalcogenide phase change mate-

rial (PCM) properties and their potential capability in RF switching appli-

cations. The goal of RF switches would be to realize the reconfigurability

and adaptability of RF and microwave systems. The current RF switches are

primarily based on solid-state and, more recently, micro-mechanical tech-

nologies. Each has limitations like integration compatibility, cost, reliability,

or power handling. In the beginning, PCM was employed almost exclusively

in non-volatile memory usage. However, PCMs exhibit properties that can

improve the current state-of-the-art RF switches, like high contrast between

electric conductivity in their two stable states. This means switches with low

loss and high isolation subsequently translate to high cutoff frequency (fCO).

Another feature that is very suitable for RF systems is PCM switches’ very low

power consumption. They require power only during state changes and can

keep their state since both crystalline and amorphous phases are stable at

room temperature. Among all chalcogenide PCM compounds, germanium

telluride (GeTe) has features like fast switching speed and low resistivity in

the crystalline state, which makes it the best candidate for RF applications.

This work presents the study of GeTe growth, crystallization, and design of

RF switches utilizing it. A novel, physical vapor deposition (PVD) method

xv



called pulse electron-beam deposition (PED) was experimentally studied to

investigate the requirements for the ablation of GeTe. It will be discussed

that the as-grown GeTe is amorphous and why the initial crystalline state is

preferred. In order to convert the GeTe thin film into a crystalline formation,

post-treatment annealing was performed. To optimize the post-annealing

procedure, several annealing parameters were experimentally investigated.

The thin film resistivity dropped by six orders of magnitude upon the crys-

tallization process. The crystallized GeTe thin films were investigated by

contemplating the crystallite quality and the electrical conductivity perfor-

mance. In the following, the design and fabrication of RF ohmic switches,

as well as the challenges and solutions, are discussed in detail. Also, PCM-

based RF switches are modeled to perceive their behavior better.

xvi



Chapter 1

Introduction

1.1 Motivation

Wireless communication is a familiar concept, and most people encounter

it daily. Our lives widely depend on data transition between our phones,

computers, cars, and household appliances utilizing wireless communica-

tion. Wireless communication systems employ radio frequency (RF) modules

to transmit and receive wireless data. The coexistence of diverse wireless

communication standards resulted in frequency-band switching is usually

needed in RF front ends. The future of microwave systems, such as wireless

communications and radar systems, requires added reconfigurability to op-

erate in an ever-crowded spectrum and dynamic spectral environments. This

means the RF front-end hardware must be configured to operate at multiple

frequencies and possibly with multiple functionalities. Particularly tunable

filters, antennas, amplifiers, and matching networks are required for the op-

eration of RF systems. One approach to reconfigurability is using RF switches

to select between specified circuit blocks. Employing tunable elements and

switches enable the reconfigurability of RF circuits. Microwave switches are
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critical components that provide the ability of RF modules to accommodate

multiple frequencies and functionalities.

Utilizing a high-frequency switch enables the reconfigurability of RF circuits

to overcome a limited-frequency spectrum. State-of-the-art switches in cur-

rent RF systems are almost exclusively silicon-based [1], [2]. Solid-state-

based RF switches have been developed utilizing different semiconductor

strategies such as silicon on insulator (SOI) [3], or gallium arsenide (GaAs)

based integrated circuitry [4]. Nonetheless, these strategies have limitations,

like needing a constant power supply to maintain a state. One category of

chalcogenide materials proposes opposite electrical and optical properties in

each of their stable phases. This group of materials, which is called Phase

change materials (PCM), have been used in the memory industry based on

their optical features and recently interested the RF community in using

them based on electrical properties in high-frequency systems [5]. The ad-

vantage of the PCM-based switch over its silicon counterparts is that it does

not require external power to maintain any of its states. Power is only needed

during the transition from one phase to another. In addition, PCM switches

offer lower loss, essential for realizing the next generation of RF and wireless

systems.

1.2 Problem Statement

In a multi-band system, RF switches are commonly used to select between

the transmitter and receiver modules or for band selection. Therefore, RF

switches are essential in wireless RF modules, and the system performance

2



depends on their efficiency. The essential RF switches’ qualifications are low

signal transmission in the ON state and high isolation in the OFF state. Other

demands are high switching speed and high power handling. Switching

speed expresses how fast the state of the switch can be changed. Power han-

dling capability indicates the RF power level the switch can carry out without

degrading its performance. In addition to those performance criteria, ease

of fabrication and integration compatibility of RF switches in RF circuits and

modules implies the simplicity and cost of fabrication, which are essential.

The two primary categories of RF switches are solid-state and electrome-

chanical. Some of the most utilized solid-state switching technologies in

the RF/microwave industry were recounted and compared in section 1.2.1.

These switches suffer from nonlinearity and leakage. On the other hand,

electromechanical technology, introduced in section 1.2.2, offers good RF

performance, but it is bulky and not compatible with integration [6]. The

following sections present a close look at each dominant technology and its

associated constraints.

1.2.1 Semiconductor-Based Switches

Switching components mostly rely on solid-state technology and are divided

into three general categories: PIN diodes, field-effect transistors (FET), and

hybrid (FET and PIN diode) switches. The two-terminal PIN diode is typi-

cally less expensive and complected than transistors. From the 1950s, they

were the most used in the early stage of switching devices. They can han-

dle high power levels but require an elaborate biasing network and consume

relatively high DC power [7]. Also, PIN diodes’ bandwidth is narrower com-

3



pared to transistors’ due to their biasing circuitry. PIN diodes are available

in Si [8], GaAs [9], and gallium nitride (GaN) [10] technologies. As a two-

terminal device, the RF and programming signals share the same path in a

PIN diode. The other drawback of PIN diode in RF switching applications is

they need a constant current while the switch is ON. These narrowed down

their use in this application.

Field effect transistors are one of the most developed solid-state-based RF

switches. It is due to their fabrication compatibility with semiconductor-

based components [11]. They operate in the passive mode, and control

voltage is applied through the gate terminal, which is isolated from the RF

path. So, unlike PIN diodes, FET switches do not need an expensive high-

performance RF choke. Also, FET switches are voltage-controlled devices, so

they consume less current compared to PIN diode switches.

FET application in microwave devices has been substantially improved since

the 1970s, and various switches based on FET technology have been de-

signed and implemented for microwave applications. The two types of FET

transistors primarily utilized in the switching industry are metal oxide semi-

conductor field effect transistors (MOSFETs) and metal-semiconductor field

effect transistors (MESFETs) [12]. MESFETs are commonly fabricated in

GaAs and GaN technologies, while CMOS are mostly silicon-based. Fig-

ure 1.1 shows a cross-section view of a switching MESFET and n-type com-

plementary MOS (CMOS). Silicon-based analog devices are prevalent, so

CMOS RF switches are privileged due to the lower cost of integration and

assembly. However, standard CMOS switches suffer from coupling, high in-

sertion loss, and low isolation due to a low-resistive substrate, and break-
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Figure 1.1: Physical cross-section of (a) MESFET and (b) CMOS.

down voltage is typically low. These reasons were used to prevent CMOS

from using in high-frequency applications. However, it has been overcome

by altering the base silicon substrate with a high-insulating one. Silicon-

on-sapphire (SOS) and, more recently, Silicon-on-insulator (SOI) are two

technologies that were implemented in RF and microwave applications by

exchanging a low resistive substrate for a high resistive one and enhancing

the loss and isolation [7]. In SOS technology, a thin layer of silicon epitax-

ially grown on top of a sapphire (Al2O3) substrate. Compared to standard

silicon, SOS technology provides less parasitic capacitances by reducing the

substrate conductivity [2]. On the other hand, SOI is the technology with a

similar approach to increase substrate insulation, but it is more compatible

with RF integrated circuits. SOI has a buried oxide layer on a silicon wafer,

which facilitates reducing parasitic capacitances and improving the cut-off

frequency by improving the substrate insulation. Low breakdown voltage

is a common issue with all Si, SOS, and SOI FET switches. The standard

method to overcome this limitation is stacking multiple FET devices in series

to distribute the voltage across the FETs, and a higher voltage can be han-
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Figure 1.2: Schematic of a stacked-FET switch with resistive gates [13].

dled [2], [13]. Figure 1.2 shows a structure with six FET switches stacked

in series. The specified applied power determines the number of stacked

switches. While the breakdown issue under a high level of power is solved

by this method, another trouble of non-linearity would be initiated. In a

structure of multiple stacked FET switches, the current leakage causes an

unbalanced current to flow through each device, resulting in an unbalanced

distributed voltage across each device [14].

HEMT, which stands for high electron mobility transistor, has a structure

close to the FET transistor with some differences. The channel is narrower,

and rather than a doped region, it integrates a junction between two materi-

als with different band gaps (heterojunction). The GaN HEMT has excellent

performance for high-power, high-voltage applications at millimeter-wave

frequencies [15]. GaN HEMTs are available on sapphire, silicon, and SiC,

while the last one exhibits some benefits over others, like high thermal con-

ductivity and high electrical resistivity, which enable SiC-based GaN HEMTs

to deal with significantly high power signals that devices on GaAs or Si can-

not tolerate [16].

Microwave switches based on GaAs are one of the popular approaches be-
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cause of their low bias power and high power handling [17]. They have

been the primary technology used since the 1980s owing to the feasibility

of monolithic microwave integrated circuit (MMIC) circuits [15]. However,

GaAs FET switches in RF/microwave applications have some constraints like

high level of distortion [18]. So, they have been replaced by another ver-

sion of GaAs-based switches called pseudomorphic high electron mobility

transistors (pHEMTs). The critical advantages of pHEMTs are utilizing ma-

terial with lower electrical resistivity, leading to lower ON resistance. Also,

they have smaller OFF capacitance due to their optimized gate configurations

and high resistivity substrate. The main drawback of HEMTs and pHEMTs

switches is they need their own fabrication process, and to be employed in

CMOS RF systems requires heterogeneous integration. This process is costly

and contradicts their advantages.

1.2.2 MEMS Based Switches

Micro-electromechanical systems (MEMS) switches employ mechanical con-

tacts as the switching mechanism and are an alternative procedure to over-

come the issues like power handling and linearity associated with solid-state

switches; however, they are bulky and not a good choice for integration [19].

There were concerns about their reliability in the first stages of MEMS in RF

switching applications, but the next generations could overcome those lim-

itations and become very reliable [7]. MEMS switches utilize a mechanical

element, usually a cantilever beam or a bridge, that makes electrical con-

tact and realizes switching [20], [21]. Figure 1.3 illustrates the two main

structures of RF MEMS-based switches. Due to the metal connection or sep-
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Figure 1.3: The two configurations in RF MEMS switches (a) cantilever
beam and (b) air bridge [21].

aration, MEMS switches show very low insertion loss in the on state and

a high isolation level in the off state. The applied DC bias generates the

required electrostatic force to move the cantilever or bridge and achieve

switching. In the absence of this DC bias, the moving element separates and

turns the MEMS switch off [22]. As a result, MEMS switches demand large

DC voltages to actuate the mechanical lever, typically 20-80 volt [23]. Other

disadvantages of a MEMS switch are their complicated and non-compatible

fabrication process with other RF components in the system and their con-

siderably large sizes, typically a few hundred microns, which is much larger

than a solid-state diode or transistor [24]. MEMS switches have been the

significant technologies used in RF applications in the past decade. How-

ever, concerns like power consumption, switching speed, and size have led

to research on the next generation of RF switches [25].
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1.2.3 Comparison Between Current State-of-the-Art RF

Switches

All the technologies discussed here and more are provided by various com-

mercial foundries. The main criteria that are highly considered in RF switch-

ing performances are:

• Transmission and isolation,

• switching speed,

• power handling,

• actuation and power consumption, and

• integration and packaging compatibility.

Semiconductor-based RF switch technologies are compatible with other front-

end RF modules, and their fabrication is relatively low-cost. Still, suffer

from low power handling, high transmission loss at mmWave frequencies,

and unsatisfactory linearity [26]. FET-based RF switches (CMOS, HEMT,

pHEMT) are voltage-controlled devices and require simple actuation cir-

cuits. On the other hand, PIN diodes are current-controlled and involve

a more completed actuation circuit which increases power consumption.

While MEMS RF switches have excellent RF performances, their size and

power consumption limit their applications. Also, considering their micro

membrane mechanical movement, MEMS-based components’ reliability de-

grades over time [19]. A qualitative comparison between popular RF switch

technologies is provided in Table 1.1. All these indicate that the next gener-
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Table 1.1: Qualitative comparison between some RF switch technologies
(from [15]).

Technology
Si GaAs GaAs GaN/SiC

CMOS MEMS

PIN
Diode

PIN
Diode

pHEMT HEMT

Insertion
loss

Low Moderate Moderate Moderate High Low

Isolation Good Good Excellent Good Good Excellent

Power han-
dling

Very high Moderate Moderate High Low High

Switching
speed

Low High Very high High High Low

Power con-
sumption

High High Low Moderate Low Very high

Integration
capability

Limited Good Good Good Excellent Limited

Size Large Small Small Very small Very small Very large

ation of RF switch technology is necessary for the high demand for reconfig-

urability in RF systems.

1.3 Literature Review

As discussed, solid state-based switches have been the most used type in

RF applications. However, based on Moore’s law, the number of transistors

on integrated circuits (IC) would be doubled relatively every two years. It

has been true in the last decades. However, by physically reaching the lim-

its of transistor miniaturization physically, it is becoming harder to follow

Moore’s law. As a result, the inventions of new devices and materials for
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switching applications have become more and more demanding [11], [27].

Devices based on PCM and metal-insulator transition (MIT) are two candi-

dates that show reassuring properties in RF and millimeter-wave (mmWave)

applications [28], [29]. Vanadium dioxide (VO2) is an MIT material that

has been utilized in RF switching from DC to 280 GHz with superior per-

formance [30]. Also, VO2-based RF switches have been reported in tunable

filters [31], [32] and reconfigurable antenna [33]. The main constraint that

limits the VO2 application is its low transition temperature (68◦C). In com-

mercial and high RF power applications, the temperature can potentially

pass 68◦C transition point, and self-actuation happens.

Another promising technology to the RF community is the PCM-based switch,

which offers excellent high-frequency electrical properties [5], [34]. Phase

change materials are chalcogenide compounds with two stable phases at

room temperature, crystalline and amorphous. The transformation from one

phase to another is realized through thermal actuation. The most signifi-

cant difference between these two phases is their electrical resistivity, which

makes PCM an exciting element for switching applications. The chalco-

genide materials consist of compounds from germanium (Ge), tellurium

(Te), and/or antimony (Sb), sometimes with doping elements like indium

(In), selenium (Se), etc. Germanium telluride (GeTe) is one of the most ex-

citing chalcogenides family due to its fast crystallization speed [35] and low

electrical resistivity in the crystalline state [36], [37]. Furthermore, GeTe

exhibits a significant resistivity difference, a factor of 106, between its two

stable phases [38], [39]. These features make GeTe highly desirable for RF

switching applications. RF switches are evaluated based on the low inser-
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tion loss in the ON-state and high rejection in the OFF-state [25], which

translates to low electrical resistivity in crystalline and high electrical resis-

tivity in amorphous phases, respectively. The insertion loss and isolation of

some of the recently reported solid-state, and MEMS RF switches are com-

pared with the PCM-based switch in Figure 1.4. The PCM switch performs

better in both states than its counterparts regarding lower insertion loss and

wider operation frequency.

The quality of PCM plays an important role in the performance of PCM-

based RF switches, and growing high-quality PCM is a prerequisite for their

applications in RF systems. The reported GeTe-based RF switches are mostly

prepared by sputtering deposition technique [41], [42]. The current tech-

niques for deposition PCM have some constraints like complications, low

growth rate, range of material that can be deposited, and cost. A novel grow-

ing technique for PCM thin films would be pulsed electron-beam deposition

(PED). PED shows the capability to overcome the limitations of the ongoing

deposition methods for PCM and result in a high-quality PCM thin film. PED

was successfully established to grow materials like GaN [43], CeO2 [44],

SnO2 [45], ZnO [46], and complex oxides [47].

1.4 Proposed Research

Properties of the GeTe, like the resistivity, crystallization temperature, and

crystallization speed, highly depend on its deposition method and condi-

tions. This dissertation is devoted to GeTe-based switches development uti-

lizing a novel growth technique of PCM. The main application of the grown
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Figure 1.4: Insertion loss and isolation performance of current state-of-the-
art RF switch technologies [40].
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GeTe thin films studied in this research is reconfigurable RF and microwave

applications. Different perspectives have been discussed, including the GeTe

properties, the novel technique to grow PCM, and RF switches based on

GeTe. Utilizing PED as a physical deposition method, which will be deliber-

ated in Chapter 3, has the advantage of controlling the atomic structure of

the grown material. This supervision of the GeTe thin film features gives the

ability to manipulate the electrical properties of the deposited material in

favor of the RF switching requirements. The current deposition techniques

of GeTe, which have been used for RF switch fabrication, do not offer this

ability. In order to acquire the PED ability, lots of development efforts were

carried out to realize the relationship between elemental GeTe properties

and its electrical properties in high-frequency applications. The GeTe perfor-

mance in the RF switch application highly depends on the thin-film deposi-

tion method and conditions. This research focuses on developing the PED to

control the GeTe crystal structure and improve the efficiency of RF switches.

1.5 Contribution

The primary goal of this study is to demonstrate the capability of the PED

method for growing complex composite thin-film materials like PCM. The

first experimental study using PED to grow chalcogenide materials has been

reported in this research. GeTe thin film, the most motivating PCM in high-

frequency applications, is targeted to demonstrate the PED capabilities. The

following detailed contributions are determined based on the proposed re-

search:
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1. The growth parameters of PCM thin film using PED are investigated to

find the efficient conditions which result in a high-quality PCM thin film

with a smooth surface and a specific atomic ratio, which are required

for employing PCM in RF and microwave applications. The optimiza-

tion of microfabrication technique parameters is essential to enhance

the RF performance of the switch.

2. A crystallization procedure is accomplished on the amorphous as-grown

GeTe thin film. The crystallization parameters are characterized to

achieve a high contrast resistivity (RAmorphous/Rcrystalline ratio) which

translates to high isolation to the insertion loss of the RF switch in the

OFF and ON states.

3. An RF switch based on the deposited GeTe thin film is designed and

fabricated. The design other than the GeTe layer contains different

layers to provide the required functions, including thermal, isolation,

and RF signal carrying. The material properties, as well as the pattern

and dimensions of each layer, are studied and optimized to improve

the RF switch performance.

The reported PCM-based RF switch is the first demonstration of utilizing the

PED technique to grow PCM thin film and contributes to a better perception

of the developed RF switch.

1.6 Dissertation Overview

Following, the structure of each chapter is introduced briefly. In Chapter 1,
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introduction, The current RF switch technologies and their limitations have

been introduced, and the background of PCM and the motivation for devel-

oping novel RF switches using PCM are discussed. This chapter covers the

literature review and the structure of the dissertation. Following the Intro-

duction, Chapter 2 provides an overview of the chalcogenide phase change

materials concept and the differences between each state (amorphous versus

crystalline). Phase transitions between amorphous and crystalline and the

history of PCM in RF switching applications have discoursed in this chapter.

Chapter 3 discusses the novel deposition technique called PED to grow GeTe

thin film. The advantages of utilizing this technique for PCM over the other

deposition techniques and The optimization process of PED for high-quality

thin-film PCM have been deliberated with details. Chapter 4 first discusses

why pre-crystallization of GeTe material in RF switches application is criti-

cal. Then the annealing parameters required for a high-quality crystalline

are described. Chapter 5 debates PCM-based RF switches and their struc-

ture. The design procedure, fabrication process, principle of operation, and

performance evaluation are discussed in detail. Chapter 6 concludes all the

research and experiment results and suggests possible applications for PCM

as the direction of future research in this field.
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Chapter 2

Chalcogenide Phase Change Material

Phase-change materials have been attracting significant attention due to the

possibility of substantially changing their electrical and optical properties.

PCMs relate to the chalcogenide compounds family that have two stable

states at room temperature, crystalline and amorphous. The PCM can be re-

peatedly switched between these two phases and behave oppositely in both

electrical and optical manners. Reversed behavior derives from structural

contrast in the disciplined crystalline and disordered amorphous states.

2.1 History

In 1968, the first report on phase change material claimed that a special cat-

egory of materials could change resistance drastically by applying an electric

field [48]. Phase change material was first used commercially in the 1990s

for digital information storage, exploiting the material’s optical reflectivity

difference between the amorphous and crystalline phase [49], [50]. Ever

since the first article on PCM-based memory was published, researchers in

this field have actively been working to discover new series of PCM materi-
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als and new ways to use their bi-stable characteristics for memory applica-

tions. Another noteworthy difference between the two states of PCM is the

considerable change in electrical resistivity, which can be several orders of

magnitude. In the last couple of years, a new exciting application of PCM,

low-loss and low-power switching, has been investigated [38], [51].

2.2 Phase Change Physics

An interesting type of PCM is GST or GeSbTe family. GST identifies chalco-

genide materials combining Ge, Sb, and Te. Typically GexSbyTez with var-

ious numbers or percentages of (x, y, z) represent the compound formula,

and they dominate most electronics applications due to their high contrast

between each state and speed of switching between those states. Among

all GST families, Ge1SbxTe1 (x<1) has the lowest resistivity, which is criti-

cal for RF switch and defines the loss in the ON state. Figure 2.1(a) shows

the resistivity versus temperature for five different x values. As can be seen,

GeTe (x=0) has the lowest resistivity and crystallization temperature, and

both of them increase with Sb incorporation. The other factor that plays an

essential role in PCM application is how quickly it can be recrystallized. The

re-crystallization time for some Ge1SbxTe1 compositions is specified in Fig-

ure 2.1(b). The fastest re-crystallization times belong to those with a high

level of Sb (6 in this case) or nothing Sb, or pure GeTe [41].

The PCM in the amorphous state has low optical reflectivity and high elec-

trical resistivity, which function close to a semiconductor or dielectric. The

GeTe in an amorphous state can be considered as a p-type semiconductor
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Figure 2.1: Ge1SbxTe1 films’ (a) resistivity as a function of temperature
for heating ramp to 300–450◦C at 5◦C/min and subsequent cooling back to
room temperature, (b) recrystallization times along isoelectronic tie line in
the Ge-Sb-Te ternary diagram [41].

with a bandgap energy of 0.8 eV. Nevertheless, in the crystalline state be-

haves very similarly to a metal with a narrow band-gap (∼0.1–0.2 eV) [52].

The transformation between amorphous and crystalline states is accomplish-

ed by specific heating profiles; above crystallization temperature and beyond

melting temperature. Figure 2.2 shows an example of the two stable states

as well as melted and glass transition states. The high rate of electric or laser

pulses (based on the application) can provide the required heat for the trans-

formation. A slower cooling profile lets atoms form in a crystalline structure

(SET pulse). On the other hand, rapid heating and quenching result in atoms

forming a disorganized amorphous structure (RESET pulse).
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Figure 2.2: Top: Atomic structure Layouts of GeTe at different states.
Smaller red and larger blue spheres represent Ge and Te atoms.
Bottom: Temperature profiles of reset and set pulses for chalcogenide phase
change materials to achieve phase transitions between the crystalline and
amorphous states.

2.3 Literature Review

PCM is a class of materials in which the transitioning back and forth between

crystalline and amorphous states is possible with heating pulses. These two

states offer a high contrast in optical reflectivity and electrical conductiv-

ity. The memory industry has utilized the former for making non-volatile

memories, and the latter enables low-loss and low-power switching in radio

frequency (RF) applications.

2.3.1 Phase Change Memory

The contrast in reflectivity between the amorphous and crystalline states is

employed to store bits of data as 1 or 0. In 1986, thin films of Te-Ge-Sn-
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Figure 2.3: Schematic cross-section of PC memory cell [54].

Au exhibited use in rewritable memory applications [53]. Optical memory

cells exploit the high reflectivity difference in two states of PCM to store

data. To amorphize the PCM, a fast pulse is utilized. On the other hand, a

longer, lower power pulse is served to crystalize the PCM. The type of ac-

cusation pulses can be either laser or electric current. Figure 2.3 shows the

schematic cross-section of a PCM mushroom memory cell, which uses the

electric current. The PCM, sandwiched between the top electrode and heater,

switches between the two states by crowding the current at the heater. Pass-

ing through PCM results in a programmed region illustrated by the mush-

room boundary [54]. In the case of laser operation, laser pulses’ energy is

used to create amorphous spots in the PCM for use in RW-DVDs [55]. To

provide the appropriate heat to melt/quench by 0.2 µs, 6 mW or recrystal-

lization using a 1 µs, 2 mW laser pulses.
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2.3.2 Phase Change Switch

The noteworthy change in electrical resistivity in the two stable states of

chalcogenides material, which can be several orders of magnitude, facilitated

the switching application. The low-loss and low-power PCM switches have

been investigated in the last decade [38], [51]. The exciting property of

PCM, which makes them suitable for switching applications, is the inherent

non-volatility of the material. This implies that they can retain their state till

hit by external energy. As a result, contrary to a semiconductor switch, no

power is required to hold the current state. The heating profile to turn the

device OFF/ON (RESET/SET) is shown in Figure 2.2(b).

There are two configurations of PCM switches based on the ways of applying

the electrical pulse to generate the required heat:

• Directly heated

• Indirectly heated

Both have four terminals, two for the RF signal and two for the actuation

current. The difference is for the directly heated switch, the current passes

through the PCM region, while for indirectly heated, there is a dielectric

layer that serves as an insulator between RF and thermal actuation signals.

Figure 2.4(a) and (b) illustrate the cross-sectional schematic of directly and

indirectly heated, respectively. There is a lateral RF signal path connected

through the PCM layer and a vertical thermal signal path also connected

through the PCM layer. Heating pulses are applied to heater terminals, and

the actuation is realized by the current drawn from PCM via [56]. Although

this structure functions, the shared via between thermal actuation and RF
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Figure 2.4: Schematic cross-section of (a) Directly heated and (b) Indirectly
heated RF switch.

signal reduces the isolation and limits its application. The indirectly heated

structure has good isolation between heating and RF signals owing to the

dielectric layer separating them. This structure was used for the PCM switch

designed and fabricated, which will be discussed in depth in Chapter 5.

2.4 Conclusion

Chalcogenide phase change materials are alloys of group VI elements with a

unique property of reversible switching between amorphous and crystalline

states. The transformation between two stable states occurs by applying a

distinct heat treatment using electrical pulses. The large electrical resistivity

between these two phases encourages their utilization in RF switching appli-
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cations. Among all chalcogenide materials, GeTe shows the best properties

for RF switching applications, like fast switching speed and high dynamic

range. Due to the great potential of PCM and its successful application in

the non-volatile memory industry, RF switches based on GeTe PCM propose

a promising solution to reconfigurability for RF systems. In the next chap-

ters, the growth, characterization, and application of GeTe thin film in an RF

switch design will be discussed.
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Chapter 3

PED Growth Technique of GeTe Thin Film

This chapter discusses the common growth technology for PCM, their weak-

nesses, and the advantages of using pulsed electron-beam deposition (PED)

as an alternative. The focus is on the GeTe deposition as the most promising

of the chalcogenide family for RF applications.

3.1 Motivation

Thin film growth of chalcogenides composition is an exciting field, owing

to their interesting optical and electrical properties. The most popular de-

position technique for growing GST and GeTe thin films is sputtering [51],

[57], [58]. Molecular beam epitaxy (MBE) [59] and pulsed laser deposition

(PLD) [60]–[62] are two other commonly used growth methods. Neverthe-

less, each has limitations such as low growth rate, complexity, and ability

to ablate a limited selection of materials. Pulsed physical vapor deposi-

tion (PVD) methods can precisely control the growth rate (sub-monolayer

per pulse). Compared to sputtering, there is no need to consider the elec-

trical properties of target materials, and smaller targets of expensive and
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highly pure material are required [60]. MBE uses distinct elemental tar-

gets to grow compound materials and an ultra-high vacuum (UHV) chamber

(<10−9 mTorr), both increasing the complexity and cost. Still, PVD methods

utilize one compound target and do not need UHV for operation [59]. More-

over, both sputtering and MBE suffer from low deposition rates. PLD is the

most studied and frequently used pulsed PVD methods that have been used

to deposit GeTe thin-film layers. However, it has limitations regarding the

laser beam reflection due to the plasma optically shielding the target. The

shielding results in a lower growth rate, which becomes even worse with the

expansion of the plasma over time.

This research reports a first-time demonstration of a novel method for grow-

ing GeTe thin films. This growth method is called pulsed electron-beam

deposition (PED). The ablation mechanism in PED is similar to PLD, where

a concentrated electron beam replaces the laser beam. While PLD suffers

from optical shielding of the target surface, the plasma does not reflect the

electron beam in PED, which results in improved efficiency. Also, there is no

need for large, expensive excimer lasers and optical setups that are necessary

for PLD [47]. GeTe thin film, the most motivating PCM in high-frequency ap-

plications, is targeted to demonstrate the PED capabilities.

3.2 Pulsed Electron-beam Deposition Physics

The schematic of the PED process is presented in Figure 3.1, in which a

high-power electron beam ( 1000 A, 15 kV) produces pulses with 80-100 ns

duration and focus of relatively 1 µm of the target. As a result, the target ma-
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Figure 3.1: Schematic of the PED system [64].

terial will be evaporated and produces plasma [63]. The PED system at the

University of Oklahoma uses a Neocera PEBS-21 electron gun, which uses

the channel spark technique. A high potential difference between the hollow

cathode and the target holder, which acts as a ground, accelerates the elec-

trons. In the hollow cathode, a variable number of ceramic capacitors store

the electrical energy and discharge it with pulses. The high current density

(∼106 A/cm2) that is realized serves as a very high peak power during the

spark.

3.3 Pulsed Electron-beam Deposition of GeTe

GeTe thin films were deposited on (100) silicon substrates at room temper-

ature using pulsed electron-beam deposition using a single 1 inch, 99.99%

GeTe target. The deposition process was carried out in an ultra-high vacuum

system equipped with a channel-spark source (PEBS-20) from Neocera, Inc.
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Figure 3.2 Shows a close look inside the PED chamber. Before starting the

deposition process, the substrate was ultrasonically cleaned in acetone and

isopropyl alcohol. After that, the wafer was placed underneath the GeTe tar-

get at a target-to-substrate distance varying from 3 to 8 cm. In the growth

process, the deposition chamber was vacuumed down to a base pressure of

around 1 × 10−6 Torr. The growth was conducted in an Argon environment

with the background pressure varying from 2.6 to 5.5 mTorr. Since Argon

is an inert gas and well suited for background deposition purposes [65], it

was used as the background gas during deposition. The pulsed electron-

beam source (PEBS) was operated from 11 to 17 kV at 5 Hz frequency with

a total number of ∼20,000 pulses. During the growth, both the target and

the substrate were rotated to avoid damage to the target and to improve the

thickness uniformity of the films, respectively. The growth factors, includ-

ing E-beam generating voltage, target-to-substrate distance, background gas

pressure, and the growth temperature, were investigated to find optimized

growth conditions. After the growth, the thin films were systematically char-

acterized using a KLA Tencor D500 stylus profiler and a high-resolution Zeiss

Neon EsB FESEM for the surface morphology. Energy-dispersive X-ray spec-

troscopy (EDX) was employed to study the material composition of the GeTe

films. Correspondingly, a Rigaku powder X-ray diffraction (XRD) system was

employed for the crystal structure analysis.

During the PED growth process, both the E-beam parameters, such as PED

voltage and plume range, as well as the deposition parameters, including

background gas pressure and substrate temperature, control the quality of

the deposited thin films. The impact of these factors on the GeTe thin film
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Figure 3.2: Inside the PED chamber.

and growth rate was investigated, and the results are presented in this sec-

tion. Higher throughput and lower fabrication cost are the results of a higher

deposition rate. More importantly, a higher deposition rate results in a lower

impurity concentration in the deposited material [66].

3.3.1 Pulse Energy Measurements

First, the energy required to ablate the GeTe target was optimized experi-

mentally. The energy should be higher than the minimum energy that can

penetrate the target and less than the energy that causes the plume range to

be longer than the target-to-substrate distance. PED is a channel-spark dis-

charge system in which the applied voltage defines the electron beam energy
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emitted to ablate the target material [67]. Figure 3.3 presents the growth

rate as a function of PEBS voltage. Although higher beam energy results in

a higher growth rate and enhanced throughput, the surface morphology is

determined by the energy the target material requires for evaporation. If

the applied voltage is lower than the optimum, it leads to a low growth rate

due to the lack of energy to ablate the material. This was found when 11

and 13 kV potentials were applied to the PED gun. To increase the growth

speed, the voltage was increased to 15 kV, which resulted in a growth rate

of 0.04 Å/pulse or 1.2 nm/min. This is a reasonable rate for GeTe deposition

compared to PLD [59]. Raising the voltage to 17 kV resulted in a higher

growth rate but poor film quality in terms of the number and the size of par-

ticulates formed on the surface. These particulates are common in pulsed

PVD methods [67]–[70]. The possible sources are emissions from the target

and extraction after ablation in the gas phase [67]. Nevertheless, the size

and number of these particulates drop when the substrate is placed at the

end of the plume range. This is because the optimal target-to-substrate dis-

tance is adjacent to the plume range [71]. The plume range was measured

by its effects on the deposited film regarding surface smoothness and non-

zero growth rate. Overall, the optimized E-beam voltage was found to be

15 kV.

3.3.2 Plume Range Measurements

The plume range is an important E-beam parameter during growth. The key

features that define the plume range are the applied PED voltage and the
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Figure 3.3: Growth rate dependence on the applied PEBS at pressure
5.5 mTorr and target-to-substrate distance 8 cm.

Figure 3.4: Growth rate dependence on the target-to-substrate distance at
pressure 5.5 mTorr and PEBS 15 kV.
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Figure 3.5: Top SEM view of GeTe thin films deposited at (a) 3 cm, (b) 5 cm,
and (c) 8 cm target-to-substrate distances at pressure 5.5 mTorr and PEBS
15 kV.

target-to-substrate distance. In our experiments, three different target-to-

substrate distances were tested. The highest distance from the target that

the chamber allows is 8 cm. Two extender substrate holders were used to

grow thin films at 3 and 5 cm as well as 8 cm. Figure 3.4 shows the aver-

age growth rate as a function of the target-to-substrate distance. The top

view morphology results of 3, 5, and 8 cm are shown in Figure 3.5 (a) to

(c), respectively. In Figure 3.4, the average growth rate has a linear and

negative dependency on the target-to-substrate distance. Figure 3.5 shows

that, by decreasing the target substrate distance, some irregular particulates

are formed on the deposited films. Although a closer target resulted in a

higher growth rate, the surface roughness was increased, and subsequently,

the film quality was reduced drastically. Lower the target-to-substrate dis-

tance resulted in larger particulates’ sizes and densities. The arithmetical

mean deviation surface roughness, Ra, was calculated from the films’ height

profile, was measured by an alpha-step profilometer. The results are shown

in Figure 3.6, confirming that the larger the distance, the smoother the sur-

32



Figure 3.6: Surface roughness as a function of target-to-substrate distance
at pressure 5.5 mTorr and PEBS 15 kV.

face. By increasing the target-to-substrate distance, a drastic reduction in the

number and size of the particulates in the deposited film was observed, and a

smoother surface was obtained. Since the 8 cm distance resulted in the best

surface morphology, and it is the largest distance that the chamber allows,

the rest of the experiments were conducted at this distance. A higher PEBS

potential (17 kV) was tested to confirm that 15 kV was the optimum PEBS

voltage. Figure 3.7 (a) and (b) show the morphology of the as-deposited

GeTe films, grown at 15 and 17 kV, respectively. The results confirm that the

15 kV is the optimum potential needed for ablating the GeTe target using the

PED tool. 15 kV PEBS voltage was used for the rest of the experiments.
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Figure 3.7: Top SEM view of GeTe thin films deposited at (a) 15 kV and (b)
17 kV PEBS potentials at pressure 5 mTorr and target-to-substrate distance
8 cm).

3.3.3 Material Composition

A background gas pressure of Ar between 2.6 to 5.5 mTorr was investigated

for the GeTe thin-film quality. The PEBS requires at least some pressure for

generating and sustaining the E-beam propagation. This pressure for GeTe is

at least 2.5 mTorr. Pressures higher than 6 mTorr showed unbalanced mate-

rials compositions as well as low growth rates. Figure 3.8 shows the average

growth rate as a function of the background pressure. Decreasing pressure

results in higher growth rates, which are dramatically increased from 3.5 to

2.6 mTorr to 0.1 Å/pulse or 3 nm/min. The cause is an increase in the mean

free path at lower pressures. This higher growth rate results in improved

purity in the grown material. Highly pure chalcogenide materials are re-

quired for less sheet resistance in the crystalline state, which is essential for

high-frequency applications [58]. Oxidation of PCM during deposition is a

common issue [58]. In the absence of ultra-high vacuum (UHV), increasing

the growth rate prevents PCM from oxidizing. The oxygen content in the as-

34



2.5 3.0 3.5 4.0 4.5 5.0 5.5

2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

G
ro
w
th
 R
a
te
 (
Å
/P
u
ls
e
)

Pressure (mTorr)

Figure 3.8: Growth rate dependence on the background pressure at PEBS
15 kV and target-to-substrate distance 8 cm.

deposited GeTe films decreased from 3.5 to 0.6 by increasing the deposition

rate at lower pressure (2.6 mTorr).

Another challenge in the PCM thin film growth, which determines the sheet

resistance, is reaching the proper ratio between material concentrations in

the deposited thin film [72]. GeTe (50:50) has the lowest sheet resistance

of the GST family of PCM. Previous research on GeTe materials showed that

a slight change in the ratio of the elements does not have a considerable

variation in the PCM properties [73]. Figure 3.9 illustrates the impact of

the background pressure on the ratio between Ge and Te in the deposited

material. Higher pressures result in telluride-rich, thin films. This occurs be-

cause telluride-rich clusters like GeTe2 are formed and present in the plasma.

These molecules can be deposited on the substrate at higher pressures [59].

The ratio between elements in the composition of Ge:Te can be controlled
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Figure 3.9: Germanium and Telluride ratio dependence on the background
pressure at PEBS 15 kV and target-to-substrate distance 8 cm).

by reducing the pressure. Based on the trend of decreasing telluride and

increasing germanium, the 2.6 mTorr provides Ge50Te50, which is the exact

50:50 stoichiometric composition.

3.4 XRD Results

Amorphous and crystalline are two stable phases of PCM at room temper-

ature. Epitaxial growth of materials can be performed at high tempera-

tures to reach single crystalline thin-film material [74]. On the other hand,

PVD methods are generally used to deposit PCM thin films at room tem-

perature [75], [76]. In this study, the growth of the GeTe thin films, us-
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Figure 3.10: XRD pattern of the as-deposited GeTe film.

ing the PED method, was performed at room temperature. Figure 3.10

shows the XRD pattern for the GeTe thin film as deposited. The broad

crest on the three-major crystalline GeTe materials’ peaks ((003), (021), and

(202)) verifies the amorphous structure of the as-deposited GeTe thin film.

Post-annealing methods are commonly used to transform the amorphous as-

deposited PCM material to a crystalline state [77], [78].

3.5 Conclusion

The pulsed electron-beam deposition has been employed to grow thin films

of chalcogenides composition, and its capability to grow high-quality PCM
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thin films was investigated in this chapter. GeTe thin films, the major PCM

in high-frequency utilization, have been successfully grown on silicon (100)

substrates at room temperature. The quality of the deposited film was de-

fined by the desired physical properties, such as smoothness and uniformity

of the surface and the fundamental elements ratio of the material. The sur-

face roughness of the films was defined by the plume range, which itself

depends on the PEBS and target-to-stage distance. Background gas pressure

determines the growth rate and the ratio between the two elements (Ge and

Te). XRD profile was used to show that the as-grown GeTe thin film at room

temperature was amorphous in configuration. The advantages of PED over

other deposition methods, such as sputtering and PLD, make it a suitable

alternative growth method for amorphous chalcogenides, as demonstrated

by the growth of high-quality GeTe thin films. The optimized growth pa-

rameters for depositing thin-film GeTe with the PED system are summarized

in Table 3.1. These conditions lead to smooth and uniform GeTe thin films

deposited with the PED method. The necessity of having a crystalline GeTe

layer for RF switching application and the crystallization procedure will be

discussed in the next chapter.
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Table 3.1: PED deposition parameters.

Parameter Value

Voltage 15 kV

Target-to-substrate distance 8 cm

PED frequency 5 Hz

Chamber base pressure 1 µTorr

Deposition pressure 2.6 mTorr

Deposition temperature room temperature
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Chapter 4

Crystallization Kinetics of GeTe Phase Change Thin Film

In this chapter, the technique for crystallization of GeTe thin films was exper-

imentally studied. The GeTe thin films have been grown by pulse electron-

beam deposition (PED). To evaluate the qualifications of the PED method,

high-quality GeTe thin films have been investigated by contemplating the

crystallite quality and the electrical conductivity. Chapter 3 discussed that

the GeTe thin film was amorphous as grown. In order to convert the GeTe

thin film into a crystalline formation, post-treatment annealing was per-

formed. To optimize the post-annealing procedure, several annealing pa-

rameters were experimentally investigated. The thin-film resistivity dropped

by six orders of magnitude upon crystallization. X-ray diffractometry (XRD)

spectrum and resistivity were used to evaluate the crystal quality. Alterna-

tive material characterization methods, like field emission scanning electron

microscope (FESEM) and energy-dispersive X-ray spectroscopy (EDX), were

used to explore the crystallization parameters further.
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4.1 Motivation

Important factors that affect the RF switch’s performance are the loss in the

ON state and the isolation in the OFF state. These translate to a high ratio

of Roff/Ron, where Roff and Ron are the PCM thin-film resistance in amor-

phous and crystalline states, respectively. The GeTe thin film deposited by

PED at room temperature is amorphous. The electrical resistivity of amor-

phous GeTe is on the order of 106 µΩ·m. The analysis of the XRD shows a

broad and weak peak between 26 and 30◦ in the 2θ range, which indicates

that the GeTe thin-film is amorphous. These two criteria (electrical resistiv-

ity and XRD diffraction peaks) were taken into consideration to analyze the

crystallization quality of the GeTe thin films. Figure 4.1 shows the basic con-

cept of PCM-based RF switches. The thin-film resistor underneath the PCM

layer produces the required heat for a phase transition. Metal contacts on

top of the PCM layer carry the RF signal. The initial Amorphous case shows

the condition that the switch has been made with as-grown amorphous PCM.

The initial crystalline state demonstrates the switch based on the annealed

and crystallized PCM layer. In both cases, the dashed lines show the sizes of

the channel that need to change phase during actuation.

4.2 Post Thermal Annealing Process

Germanium Telluride thin films were deposited by PED at room temperature.

A single GeTe target was used to grow the GeTe thin film on a high-resistivity

silicon wafer with a natural oxide layer [79]. The GeTe films were 80 nm
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Figure 4.1: Top row: The RF switch configuration with the initial amorphous
PCM thin-film (OFF state). Activation pulse results in the ON state.
Bottom row: The ideal configuration, with an initial crystalline thin-film of
PCM (ON state). Activation pulse results in the OFF state. The Dash arrow
in both cases shows the portion of the PCM layer that needs to transform.

thick and were in an amorphous state as grown. The GeTe samples that

were used for the experiment were deposited at the same time, and all have

smooth surface morphology. Two techniques were employed to crystallize

the amorphous GeTe thin films. In the first technique, the amorphous GeTe

samples were annealed in two different rapid thermal annealers (RTA) fur-

naces under different gas atmospheres to validate the application of both

furnaces. The impact of the annealing temperature TA and the annealing

time have been studied. In order to investigate the effects of other condi-

tions on the GeTe crystallization, the ramping speed, gas type, and pressure

variation results were examined. In all cases, the air was vacuumed from

the furnace chamber and filled with the study’s gases. The first RTA used

for the phase transition to crystalline was RTP-1000D4 by MTI (shown in

Figure 4.2), and the other RTA was AG ASSOCIATEs HEATPULSE 610 rapid
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Figure 4.2: RTP-1000D4 by MTI rapid thermal annealer.

thermal processor. The difference between these furnaces is that the former

has a pump to vacuum the furnace chamber, which is then filled with desired

gas, while the latter employs a high-pressure gas injection, which forces the

air out of the chamber. So the pressure inside the chamber is tractable for

the RTP-1000D4, whereas for the AG-610 it is always around atmospheric

pressure.

In the second technique, the GeTe thin film was grown with two metal elec-

trodes on two sides to measure the in-situ GeTe resistivity change during the
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crystallization. With this technique, the crystallization time and speed are

measurable as well. Figure 4.6 illustrates this measurement setup, which in-

cludes a GeTe thin film on a silicon substrate and two metal contacts of gold

on two sides of it. Two probes, separated by a constant distance, were used

to measure the resistance as the substrate sat on a hot plate, and the tem-

perature was increased gradually by a fixed ramp rate of 10◦C/min. From

the measured resistance, the electrical resistivity is extracted to take out the

impact of the gap and thickness of the material. The GeTe thin film elec-

trical resistivity, as well as surface morphology and material composition,

analyzed using scanning electron microscope (SEM) and energy-dispersive

X-ray spectroscopy (EDX), were the parameters that revealed the quality of

GeTe thin film crystalline. All samples were polycrystalline with one domi-

nant crystalline plane (202). Further investigation about the effects of the

presence or absence of oxygen during the crystallization was performed at

the end. Important factors that affect the RF switch’s performance are the

loss in the ON state and the isolation in the OFF state. These translate to

a high ratio of Roff/Ron, where Roff and Ron are the PCM thin film resis-

tance in amorphous and crystalline states, respectively. The GeTe thin film

deposited by PED at room temperature is amorphous [79]. The electrical

resistivity of amorphous GeTe is on the order of 106 µΩ· m. The analysis of

the XRD shows a broad and weak peak between 26 and 30◦ in the 2θ range,

which indicates that the GeTe thin film is amorphous. These two criteria

(electrical resistivity and XRD diffraction peaks) were taken into considera-

tion to analyze the crystallization quality of the GeTe thin films.
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4.2.1 Furnace Annealing

First, the crystallization temperature (TCrystallize in Figure 2.2) was ascer-

tained by annealing multiple GeTe thin-film samples at different peak tem-

peratures in an Ar environment. For this experiment, an RTP-1000D4 fur-

nace was pumped down to 400 mTorr and filled with Ar gas at one at-

mospheric pressure. The annealing time was 10 min, and the heating and

cooling rates both were 10◦C/min. The XRD results for four annealing tem-

peratures are presented in Figure 4.3(a). The peak at 32.9◦ corresponds

to the silicon substrate, and all the results were normalized to that peak.

Figure 4.3(b) shows the resistivity of the annealed GeTe thin films at the

same annealing temperatures. Although the sample was annealed at 180◦C

did not show a visible XRD peak related to GeTe, its electrical resistivity

dropped by 105 µΩ·m compared to amorphous GeTe. By increasing the an-

nealing temperature to 220◦C, the broad XRD peak changed to three promi-

nent diffraction peaks at 26.1, 27.5, and 29.9◦ in the 2θ range, which are

associated with the (003), (021), and (202) lattice planes of rhombohedral

GeTe, respectively. Also, its resistivity decreased compared to the sample an-

nealed at 180◦C. These results show that the GeTe crystallization started at

temperatures above 180◦C. Increasing the annealing temperature to 260◦C

resulted in the maximum intensity of all XRD peaks, even a peak at 43.4◦

related to (220) lattice plane appeared as shown in Figure 4.3(a). The full

width at half maximum (FWHM) gained from the XRD plot for (202) crys-

talline plane as the dominant peak is plotted in Figure 4.3(b) (left axes) as a

function of annealing temperature. The grain size was determined using the
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Figure 4.3: (a) Normalized XRD spectra, (b) FWHM value and calculated
grain size from the crystalline plane (202) as a function of annealing temper-
ature, and (c) resistivity of annealed GeTe films as a function of annealing
temperature.
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Scherrer-formula Equation 4.1 [80],

D =
kλ

w cos θ
(4.1)

where k = 0.9, λ is the wavelength of measured X-ray (1.54 Å), w is the full

width at half maximum (in radians), and θ is the half diffraction angle of

crystalline orientation peak. The average grain sizes of (002) crystallite plot-

ted in Figure 4.3(b) (right axes). The crystalline grain size has an inverse

relationship to the FWHM value, increasing from 28 to 30 nm as the anneal-

ing temperature increases from 220 to 260◦C. The lowest FWHM and the

largest grain size are related to 260◦C of these discrete examined annealing

temperatures from 180 to 300◦C. Moreover, the lowest electrical resistivity

was measured from this sample. The magnitude of all XRD peaks gradually

decreased by raising the annealing temperature from 260 to 300◦C. This in-

dicates that the peaks become weaker when the temperature rises beyond

260◦C. This agreed with the increased electrical resistivity, shown in Fig-

ure 4.3(c); both imply a more inferior crystal quality of the GeTe thin films

that were annealed at 300◦C. These results indicated that the best GeTe crys-

talline thin film was obtained from the 260◦C annealing temperature out of

the investigated temperatures in this dissertation.

In the next step, the GeTe thin films were annealed in an AG-610 RTA fur-

nace. This furnace offered the additional benefit of using two other types of

gases. This was utilized to investigate the gas-type effects on the GeTe crys-

tallization. These two gases were nitrogen and forming gas (80%N2+20%H2,

limited to 20% H2 due to laboratory safety requirements). A comparison be-
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Figure 4.4: (a) Normalized XRD spectra and (b) resistivity of annealed GeTe
films as a function of chamber gas.

tween the intensity of the XRD peaks and the resistivity results of this exper-

iment is shown in Figure 4.4. The annealing temperature and time were the

same for these three samples, and the XRD peaks were normalized to the sil-

icon peak at 32.9◦, just like they were in the previous experiment. The XRD

peaks had almost the same intensity. However, the film resistivity dropped

slightly from 3.6 µΩ·m for Ar to 2.8 µΩ·m where forming gas was utilized to

fill the furnace chamber. This will be discussed further in the section 4.2.3

Annealing Summary. The top surface morphology of as-deposited GeTe and

those annealed in Ar and forming gas environments are illustrated in Fig-

ure 4.5(a)-(c), respectively. Both amorphous and crystalline GeTe thin-films

have a smooth surface morphology and homogeneous structure as shown in

Figure 4.5. The crystallization led to GeTe thin films revealing dim regions

between the poly-crystalline zones as the grain sizes were increased. Accu-

mulation of nano-sized voids during PCM crystallization has been previously

observed [81]. The crystallite coarsening intensifies slightly from the Ar en-
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Figure 4.5: Top SEM view of GeTe thin-films (a) as-deposited, annealed at
(b) Ar, and (c) forming gas (80%N2+20%H2).
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vironment to the forming gas environment. This agrees with the resistivity

outcomes, which are lower for the forming gas. The introduction of hydro-

gen in the forming gas reduces the oxide in the GeTe crystal film and thus

results in an overall better electrical performance.

4.2.2 Hot Plate Annealing

The real-time resistance changes were tracked by patterning GeTe thin films

on a Si substrate. A 100 nm thick GeTe thin film was deposited by PED, then

two metal pads of copper and gold (Cu/Au) were deposited on either side

with varying gap distances and shapes. Two test probes from Harwin P13-

0123 were installed in a fixture with constant distance and made contact

with metal pads for real-time resistance measurements while the substrate

was on a hot plate. The hot plate temperature was increased gradually, and

the resistance between the two pads was monitored. An illustration of the

measurement, with the GeTe film in amorphous and crystalline states, is

shown in Figure 4.6. The gap between the two metal pads determined the

resistance during the experiment. The thin-film resistivity in µΩ·m is calcu-

lated and reported in Figure 4.7. The results are consistent with what was

shown in the previous section. The GeTe resistivity, which is an indication of

GeTe crystallization, decreased while the temperature was increased. Still,

around the crystallization temperature, 210◦C, the resistivity dropped drasti-

cally from around 2×104 to less than 10 µΩ·m. One of the primary purposes

of this experiment was to see if the crystallization occurs at a specific temper-

ature or if it happens gradually over a range of temperatures. These results,

repeated for several samples with different shapes and gaps, showed that
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Figure 4.6: The two-probe setup is used to measure the real-time resistance
changes on a hot plate.

the phase transformation to conductive mainly happens around crystalliza-

tion temperature. This abrupt change in resistivity makes GeTe a desirable

material for RF switches. This feature has been used in both RF and Mem-

ory applications where a short thermal pulse is used to change between the

states of the PCM [82].

Figure 4.7 illustrates the real-time thin-film resistivity changes as a function

of the hot plate temperature. The drop in resistivity occurs in two steps.

There is a minor resistivity drop around 100◦C followed by a significant

drop at the GeTe thin-film crystallization temperature of 210◦C. This tem-

perature is 50◦C lower than what was investigated earlier in the absence of

air. This crystallization-temperature decrease is a direct result of oxidation of

the PCM [83], [84]. GeTe thin-film surface oxidizes naturally in the presence

of oxygen in the atmosphere [85]. This process is expedited when heat is ap-

plied. In the furnace annealing in the absence of oxygen, this phenomenon
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Figure 4.7: Measured electrical resistivity (µΩ·m) of GeTe while heating
from hot plate to approximately 250◦C.
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has a negligible effect. The first resistivity reduction is due to the natural

thin oxide on the surface crystallizing at lower temperatures [86]. The nu-

cleation process is followed by a homogeneous crystallization inside the vol-

ume, which requires more energy and occurs at higher temperatures [84].

The GeTe thin film, in this experiment, did not have a capping layer to pro-

tect it from oxidation during the annealing. Subsequently, the whole GeTe

thin film was exposed to air, and the molecules below the natural surface

oxide layer followed the heterogeneous surface nucleation. Also, the crys-

tallized oxide GeTe has a porous structure that increases the surface area

and allows more Ge and Te atoms to be exposed to air [87]. This process

will continue, and most of the GeTe thin film will oxidize during the crys-

tallization. As a result, the resistivity in the crystalline state is higher than

for the GeTe annealed in the furnace, and it has a rough surface morphol-

ogy. The top SEM view is shown in Figure 4.8 illustrates the formation of

voids, which supports this argument. The amount of oxygen directly affects

the properties of PCM. In the case of GeTe, these properties include crystal-

lization temperature, electrical resistivity, and optical reflectivity [88]. The

atomic percentage of the elements of this sample is shown in Table. 4.1.

4.2.3 Annealing Summary

Crystallization of GeTe thin-film samples utilizing post-thermal annealing

was investigated in this experiment. The purpose of the furnace annealing

was to determine the best crystallization conditions, which resulted in the

GeTe thin film with the lowest resistivity in the crystalline state. One crucial

factor that increases PCM resistivity is the presence of oxygen. As-deposited,
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Figure 4.8: Top SEM view of GeTe thin-films annealed at air (hot plate) and
related elements’ atomic percentage.

GeTe thin films contain very little oxygen, which comes from the tendency

of GeTe to oxidize when it is in contact with air [58]. The related elements’

atomic percentages for samples in this study are reported in Table 4.1. The

oxygen elimination is different for furnace annealing in the absence of air,

based on the gas ambient type used for annealing. It is reduced to almost

zero when forming gas is utilized. These results are in agreement with the

resistivity outcomes. Alternatively, when annealing was performed on a hot

plate in an oxygen-rich environment, the amount of oxygen in the film grew

by one order of magnitude. This rapid increase in the amount of oxygen,

compared to as-grown GeTe thin-film, validates the high tendency of GeTe

material to oxidize during crystallization. As a result, PCM RF switches re-

quire a passivation layer to protect them from contacting air while nucle-

ation.
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Table 4.1: Atomic% ratio of Germanium, Telluride, and Oxygen in four
samples handled differently. The remaining percentage is Si, which comes
from the substrate.

Sample
Element%

Ge Te O

As-Deposited 1.9 1.9 4

Annealed
at/on

Ar 3.9 4.5 3.2

Forming Gas 4.1 4.7 0.1

Hot Plate 1.8 2.3 43.8

4.3 Conclusion

This chapter investigated the crystallization of amorphous GeTe thin films

deposited by PED. The effects of different parameters like temperature and

environmental conditions were examined to reveal the optimum conditions

for crystallization. The crystal quality was evaluated by structural and elec-

trical properties. The as-deposited amorphous GeTe thin film has a smooth

surface with a 50-50 Ge and Te ratio. GeTe thin films with a smooth and

uniform surface and equal elements ratio lead to a high-quality crystalline

structure with low electrical resistivity. It was shown that the post-thermal

annealing environment is critical for the crystal quality, and it is essential to

protect the GeTe thin film surface with a passivation layer. The high contrast

in electrical resistivity in the two stable states is the high-frequency switch-

ing applications foundation. The next chapter will utilize crystallized GeTe

thin film to make an RF switch based on PCM.
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Chapter 5

RF Switch Fabrication and Results

The PCM RF switch performance is sensitive to each element. This means

that not only the high efficiency but also the functioning of the PCM switch

relies on the design and fabrication of all elements. The last two chapters

thoroughly discussed the deposition and crystallization of the PCM layer. In

this chapter, the fabrication process of other layers, which serve as the heater,

dielectric, electrodes, and passivation, will be investigated. The limitation

for improving their performance will be explained. Subsequently, the step-

by-step switch fabrication process and the test setup are presented. Finally,

the results are discussed.

5.1 PCM RF Switch Design

The PCM-based RF switch has been designed and implemented using a copla-

nar waveguide (CPW) transmission line (T-line). The substrate was a high-

resistive silicon wafer with natural oxide on top. The GeTe RF switch in-

cludes two RF terminals connected by the GeTe via. The PCM switch ele-

ment is placed in the middle of a 50 Ω CPW line. The switching section is
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a T-line discontinuity filling with GeTe material and the heating pulse struc-

ture. The best GeTe crystalline quality was achieved by furnace annealing

crystallization (chapter 4), with an electrical resistivity as low as 2.8 µΩ·m,

which translates to 3.5×10 5 S/m electrical conductivity. The copper elec-

trical conductivity (5.8×10 6 S/m) is more than two orders of magnitude

higher than the best achieved for GeTe. The difference between the electri-

cal conductivity of metal and GeTe in the crystalline state resulted in a higher

impedance of the T-line in the switch location. To tackle this mismatch in the

CPW line, a tapering strategy close to GeTe via has been used. This tapering

was designed based on the simulation results for 100 nm thickness of the

GeTe layer with electrical conductivity of 3×10 5 S/m and RF gap of 1 µm.

Changing the PCM state requires applying thermal pulses to it. The heat

would be applied through a short actuation pulse. The first strategy for ap-

plying heat pulse is utilizing the same technique used in PCM memory, in

which a bias signal penetrates into the GeTe layer. On the other approach,

the heat pulse is isolated from the RF path by a dielectric layer with good

thermal conductivity, and thermal energy is coupled to the GeTe layer. The

first strategy is direct heating, and the second is indirect heating. Each of

these will be introduced further in the following sections. This research fo-

cuses mainly on the indirect heating switch, which will be discussed in detail.

5.1.1 Direct Heating Switch

In this strategy, the heating pulses pass through the GeTe layer and change

its state. Figure 5.1 (a) and (b) illustrate the schematic cross-section and top

view of the direct heating switch, respectively. The fabricated direct heat-
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ing switch is shown in Figure 5.1 (c). The problem with this technique is

the RF signal and the heat pulse shares the same path, causes introducing

noise to the RF signal. The biasing pulses have a very short duration, so

their introduced noise can be problematic in RF applications. Several critical

parameters need to be considered to make this design work. For instance,

the heater material must have high resistance to provide enough isolation

between RF and thermal paths. In the meantime, it has to have suitable

impedance matching with GeTe to pass most of the thermal pulse with a

very low duration. Considering all the direct-heating switch design compli-

cations, the project’s main goal specified the indirect heating structure. The

challenges and results of the direct heating approach are discussed in Ap-

pendix A.

5.1.2 Indirect Heating Switch

The RF switch in the indirect heating approach has four terminals, two for

RF signal connected through GeTe via, and two for applying heat pulses,

connected with a resistive heater underneath GeTe via and covered with a

dielectric material. The heater layer is a narrow thin film conductor with

good electrical conductivity and a high melting point material for applying

direct biasing. The heater creates the required thermal energy from electrical

energy. This heater has two pads to apply the actuation pulse. A dielectric

layer sits on top of the heater and makes electrical isolation to minimize

the impact of the heating signal on the RF one. In this approach, the RF

signal transmission path is electrically isolated from the heater path, while

the dielectric layer provides a thermal coupling between them. The barrier
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Figure 5.1: Direct heating switch design (a) cross-section view, (b) top view,
and (c) fabricated switch.
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material must have high thermal conductivity to deliver most of the thermal

energy produced by the actuation pulse to the PCM layer. The PCM layer

is deposited on top of the dielectric layer and plays the switching role. The

PED deposition method is used to grow the GeTe. RF electrodes and bias

electrodes are made from copper and coated with gold. There is a discon-

tinuity in it which is called an ”RF gap.” The RF gap is between two RF

electrodes that the GeTe fills, the essential parameter in the PCM switch.

This section rejects or passes the RF signal based on the GeTe state. Finally,

to stop GeTe from oxidizing during the switching, a thin passivation layer

from a suitable dielectric material should be deposited on top of GeTe. A

cross-sectional schematic of the order of the layers that the PCM switch re-

quires is shown in Figure 5.2.

Figure 5.2: Order of layers to fabricate PCM switch (from bottom to top).

5.1.2.1 Device Structure

Two RF switch structures were designed for the experiment. The design

schematics and the fabricated switches are shown in Figure 5.3. The heater

architecture is the main difference between these two designs. The heater

length in design A is shorter, and heat-biasing electrodes are located between
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Figure 5.3: Two RF switch structures were designed (left), and the top view
of the fabricated switches (right).

the RF signal line and the ground. On the other hand, design B keeps the

CPW configuration the same for the entire length of the T-line, and the bi-

asing pads are moved to the outside of the CPW’s ground. Design A has a

lower heat resistance, so less applied voltages can produce sufficient thermal

energy, which is preferred. However, its RF performance will be poorer due

to the parasitic capacitances in the switch via location. While in the design

B, the heater is longer and requires higher biasing voltage to make the phase

transition in the GeTe layer. Also, the produced heat would be distributed

all over the heater length. As a result, the required electrical energy for the

GeTe phase transform would be higher and produced thermal energy is less

efficient compared to design A. Figure 5.4 illustrates a closer view of the

switch via structure.

Heater shape and RF gap are critical parameters significantly impacting

the device’s performance. The heater’s width and thickness define the re-

quired electrical energy to produce suitable heat bias. Although the heater
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Figure 5.4: A 3D view of the designed RF switch.

width can decrease its resistance, which is preferred in terms of the required

power to alter the switch state, the thermal energy efficiency will be affected

as well. Figure 5.5 (a) and (b) show a sketch of a GeTe switch with two

heater widths. In Figure 5.5 (a) with a wider heater, the produced heat was

distributed over a larger area of the GeTe material, while in Figure 5.5 (b)

with a narrower heater, the thermal energy is applied to a smaller amount of

the PCM layer. As a result, the total volume of GeTe experience phase tran-

sitions during each cycle is reduced, and the switching speed will improve.

Heater thickness affects the PCM layer profile and the switch performance.

On the other hand, the thicker the heater layer, the lower its resistance and

the lower the electrical voltage needed to generate the thermal energy. So,

there is a trade-off between DC and RF efficiency. Based on the heater mate-

rial’s electrical properties (tungsten), a thickness of 100 nm would have low

enough resistance for actuation purposes. So, the fabricated switches have
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Figure 5.5: (a) and (b) show the RF switch relation to the heater width. (c)
and (d) display the RF gap impact on the RF performance.

around 100 nm thickness.

The other crucial factor in the RF switch design is the RF gap. The RF gap is

the distance between two RF electrodes, filling with switching PCM (GeTe).

As mentioned before, copper’s electrical conductivity is more than two orders

of magnitude higher than that of GeTe in its low-resistance crystalline phase.

This means that the less GeTe material in the RF signal path, the lower loss

of the switch in the ON state. In other words, the narrower the RF gap, the

lower the transmission loss. Figure 5.5 (c) and (d) show an illustration of

a GeTe switch with two RF gaps; when the RF gap is larger, (a) RF signal

has to pass through more material with higher resistance and therefore has

higher loss compared to the case with shorter RF gap (b). Lower insertion

loss in the ON state of an RF switch is a vital factor affecting its performance.
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Figure 5.6: (a) Wide RF gap design, (b) fabricated switch with wide RF gap,
(c) narrow RF gap design, and (d) fabricated switch with narrow RF gap.

A comparison between wide and narrow RF gaps in the PCM switch archi-

tecture is represented in Figure 5.6 (a) and (c), respectively. Figure 5.6 (b)

and (d) show the actual fabricated RF switch for each of those two designs.

One approach for decreasing the PCM switch loss in the ON state would be

increasing the GeTe thickness to minimize the RF gap’s resistance. However,

the thickness of the GeTe layer has a negative effect on the switch perfor-

mance in the OFF state. Since the GeTe layer is initially in the crystalline

phase, the phase change is only required in the RF gap. The GeTe in the RF

gap section switches to amorphous and crystalline states, while the remain-

ing GeTe film always holds the crystalline phase. The reset thermal energy

produced by the heater must penetrate the entire thickness of the GeTe to
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transform it into an amorphous state. By increasing the PCM layer thickness,

the thermal energy should be distributed over a greater volume of GeTe ma-

terial for transition between its phases. Otherwise, some portion of the GeTe

layer on the top part remains in the crystalline state and provides a path for

the RF signal in the OFF status. So, there is a trade-off between the actuation

performance and the RF signal loss. The thicker the GeTe material, the more

energy is required to transform its phase. Experiments demonstrated that

the generated thermal energy by the designed heater is sufficient to pene-

trate to around 100 nm of GeTe thickness.

A 3D electromagnetic simulation using ANSYS HFSS was performed to de-

sign the CPW T-line and to estimate the GeTe via impedance and loss at

the frequency band 1-20 GHz. The GeTe via impedance was derived by

electromagnetic simulation for different GeTe thicknesses and RF gaps. Fig-

ure 5.7 (a) presents the simulation results for various RF gap and GeTe

thicknesses while GeTe is in the crystalline state with the conductivity of

3.5×10 5 S/m (2.8 µΩ·m resistivity). This plot indicates that the lowest loss

relates to a shorter RF gap and a thicker GeTe layer. So, the PCM layer

thickness was selected to 100 nm for fabrication. The designed switch struc-

tures had varied RF Gaps from 1 µm to 4 µm. Unfortunately, the minimum

feature size with available material and equipment in the photolithography

was larger than 2.5 µm, and switches with RF gaps smaller than 3 µm were

short-circuited. So, the lowest RF gap that could be realized was 3 µm. This

fabrication limitation greatly affected the RF switches’ performance, which

will be discussed in section 5.5. Figure 5.7 (b) shows the off-state isolation

for the same RF gap and GeTe thicknesses assuming the GeTe conductivity is
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Figure 5.7: Simulated insertion loss of the switch in the (a) ON-state and
(b) OFF state for different RF gap and GeTe thicknesses.

1×10 3 S/m.

5.2 RF Switch Fabrication

The fabrication process included the deposition and patterning of thin-film

materials for distinct purposes. The mask used for patterning each layer

was designed with switch versions. Also, reference standards, like baselines
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open-circuited and short-circuited switches, were included in the design. All

layers in this work were patterned through lift-off. A negative photo-resist

was used, and patterns were created by photo-lithography before the layer

deposition followed by a lift-off process. After depositing each material (W,

AlN, and GeTe), annealing was performed to enhance their crystal strictures.

5.2.1 Material Deposition

This section discusses the growth and patterning process for each material.

The substrate used for this research was a 2 inch undoped high resistivity

(100) silicon (Si) wafer. It had a thin layer of (3000 Å) silicon dioxide

(SiO2) on it, purchased from WaferPro. High resistivity substrate improves

the RF performance by reducing the coupling effects. The SiO2 layer pro-

vides a boundary preventing DC current to leak into the substrate. All fabri-

cations and experiments for this research were conducted in the University

of Oklahoma’s clean-room facility under the micro-fabrication research and

education center. A process flow of the switch fabrication is shown in Fig-

ure 5.8.

5.2.1.1 Heater

The heater is the underlying layer that transforms electrical energy into ther-

mal energy. The heater should be a good conductive material to decrease the

expected electrical energy required to generate the appropriate thermal en-

ergy. In the early stages of fabrication, nickel-chrome (NiCr) was used for the

heater layer. Although NiCr has good electrical conductivity and a straight-
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Figure 5.8: Fabrication process flow of the PCM RF switch, deposition and
patterning of (a) heater layer, (b) dielectric layer, (c) PCM (GeTe) layer, (d)
RF electrodes layer, (e) passivation layer, and (f) metal contacts layer.
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forward fabrication process, its melting point is 1400◦C, which is low for

heater purposes. Since there is a barrier layer between the heater and PCM

layers in the indirect heating structure, the heater temperature needs to in-

crease higher than 1400◦C to transfer enough heat to the PCM layer and

increase its temperature to its melting point. This was tested experimentally

to produce sufficient heat to melt GeTe during amorphization NiCr reached

its melting point and deformed. A picture of the melted NiCr switch is shown

in Figure 5.9. So, another important factor for selecting the material for the

heater layer is its melting point should be much higher than the GeTe melting

point. Considering both factors for heater material, The best candidates for

the heater are Molybdenum (Mo) or Tungsten (W) with low bulk resistivity

(53 nΩ·m = 5.3 µΩ·cm), and high-temperature durability (melting points),

2900, and 3700◦C respectively.

The first growth method tested for both Mo and W was E-beam deposition

Figure 5.9: RF switch with NiCr heater melted and deformed after applying
reset pulse.

and lift-off used for patterning. Due to the high temperature in the chamber
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during deposition, the photo-resist (PR) was burnt. To solve this problem,

wet chemical etching was tested for patterning W. The etchant type, ratio,

and etch rate were found after several tests. However, the results were not

so promising. The heater pattern was narrow compared to its thickness, and

wet etching of the tungsten layer etched and removed either a large undercut

or the tungsten had not been etched completely. The latter happened in one

switch batch, and a skinny layer of W remained underneath all switches, re-

sulting in all devices being short-circuited. As a result, the deposition method

changed to sputtering. There are two phases of tungsten α and β, in which

the low resistivity is related to the α one [89]. As-deposited W thin films

can be either two phases or mixtures of both. Several sputtering depositions

were conducted to find the thin-film tungsten with the lowest impurity and

highest conductivity. The XRD results for some samples are shown in Fig-

ure 5.10. It has been revealed that the type of its phase is strongly related

to the deposition parameters. Even though the higher sputtering power and

higher pressure resulted in the appearance of α phase in the XRD results

(Figure 5.10), still the β phase peak appears in the XRD results. Post-thermal

annealing was performed on several samples to optimize the annealing pa-

rameters and reduce the resistivity. The thin-film resistivity is higher than

the bulk resistivity and dependent on the thickness of the film [90]. The

lowest W thin film resistivity reported was greater than 10 µΩ·cm [91]. In

this research, the best resistivity of as-grown W thin film, which has a com-

bination of α and β phases, was ∼255 µΩ·cm. Post-thermal annealing was

operated in a vacuumed chamber and filled with Ar to 1 bar, resulting in its

resistivity dropping to 49 µΩ·cm. The annealing was conducted at 850◦C for
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Figure 5.10: XRD results for W thin films deposited at different power and
pressure and after annealing at 850◦C for 1 hour.

60 min. This W thin-film was used for the heater, and lift-off patterning was

performed between deposition and heat treatment.

5.2.1.2 Dielectric

The barrier layer that separates the heater and PCM layers has an important

role by providing electrical insulation between the RF and actuation signals.

The two critical criteria for this layer are high electrical insulation and ther-

mal conduction. So, while providing good electrical isolation between RF

and thermal paths, it conducts the most thermal energy from the heater to

the PCM layer. At the early stages of fabrication, SiO2 as an excellent di-

electric material was used, providing good electrical insulation. However,

it suffers from very low thermal conductivity (1.1 Wm−1K−1). The best
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Table 5.1: Dielectric material properties and parameters.

Material Thermal
Conductivity

(W/m.K)

Specific Heat
Capacity (J/Kg.K)

Thermal Expansion
Coefficient (1/K)

SiO2 1.1 730 0.5×10−6

AlN 320 740 4.5×10−6

candidate for the dielectric layer with high electrical resistivity and thermal

conductivity is aluminum nitride (AlN). Its thermal conductivity can be as

high as 320 Wm−1K−1 [92]. Thermal properties of SiO2 and AlN dielec-

tric materials are compared in Table 5.1. The material properties depend

on the material and crystalline qualities. The reported thermal conductiv-

ity in table 5.1 is the highest achieved for AlN and can be lower than these

depending on material quality. As the PED deposition method was the con-

centration of this research for growing chalcogenide compositions, Also, it

was tried to use PED to grow the AlN thin film. Several attempts were made,

but depositing a smooth thin film of AlN by PED was unsuccessful. All the

samples had a very high surface roughness. Figure 5.11 (a) shows the SEM

picture of the top surface morphology of PED-grown AlN. Previous research

on growing AlN using PED showed successful nano-wire AlN growth at low-

temperature [64]. The smoothness of the AlN barrier layer is vital for the

fundamental layer as it is underneath the GeTe layer. The PCM layer in an

RF switch requires a smooth base underneath it. A smooth base is required

for a high-quality PCM layer resulting in better crystallization. So, the PED-

grown AlN thin film was unacceptable for the barrier layer.

After enhancing the PED chamber with the sputtering system, two different
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Figure 5.11: Top SEM view of AlN thin films deposited by (a) PED and (b)
DC sputtering.

sputtering methods for AlN were investigated. RF sputtering using an AlN

target, and DC sputtering with an Al target. The RF sputtering with insula-

tor AlN target throughput was too low and hard to deposit. As a result, an

alternative deposition method for AlN is the DC sputtering using an Al target

in an Ar and N2 gas combinations. Various parameters like the sputtering

power, N2/Ar ratio, and pressure were tested to achieve the best film quality

(surface morphology) with the highest electrical resistivity. Figure 5.11 (b)

shows the top SEM view of the AlN thin film deposited with DC sputtering.

The essential factor for choosing AlN over other dielectric materials for the

barrier layer was its reported high thermal conductivity. The thermal conduc-

tivity of AlN material tremendously depends on its crystal structure [93]. The

reported thermal conductivity in Table 5.1 is for bulk AlN. The thin film AlN

has lower thermal conductivity, reported between 25-120 Wm−1K−1 [94],

[95] depending on the crystal structure and thickness. This is lower than

bulk AlN but is still much higher than other available choices of dielectric
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materials. The sputtered AlN thin film at low temperatures has a poor crys-

tal quality, but post thermal annealing at a high temperature above 1600◦C

in N2 ambient for about one hour can improve its crystal quality and there-

fore, its thermal conductivity [96], [97]. Unfortunately, the available furnace

could not reach beyond 1000◦C not more than 5 minutes. The sputtered and

patterned AlN thin films were annealed at 850◦C for 20 minutes to increase

their crystallinity and, as a result, their thermal conductivity. XRD measure-

ments were utilized to indicate AlN thin film crystal structure and quality.

The post-thermal annealing conducted on AlN thin film helped to alter it

towards the crystalline structure. Although a peak related to the crystalline

plane (103) appeared in XRD results after annealing, this peak was weak

and broad. One reason for poor crystalline quality can be the AlN thin film

thickness, which is preferred to be thin due to the low barrier thickness re-

quired for RF PCM switch performance. The AlN layer thickness was 70 nm.

The thermal and electrical characteristics of the achieved AlN thin film were

sufficient for the purpose of the dielectric layer to isolate bias pulses from

the RF signal.

5.2.1.3 Phase Change Material

The PCM layer in an RF PCM switch is the essential part, which changes

between two phases and passes or rejects the RF signal. The early phase

change RF switches were based on Ge2Sb2Te5 composition, as it was inves-

tigated and used in memory application. However, the reported resistance

of Ge2Sb2Te5 in the crystalline state is around 5 kΩ [51]. This resistance is

satisfactory for memory applications, but an RF switch requires much lower
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Ron amount for acceptable performance in terms of insertion loss. Between

all chalcogenides material compositions, GeTe offers the highest contrast be-

tween its two stable states regarding electrical resistivity [35], [36], [41].

More importantly, GeTe has the lowest resistance in the crystalline state,

as well as the lowest crystallization temperature and very fast crystalliza-

tion speed [41]. This means that a low-loss RF switch with minor actuation

power can be realized using GeTe material.

The amorphous GeTe deposited with PED at room temperature. The de-

position of GeTe thin film on a Si substrate was investigated in Chapter 3.

The same deposition parameters were used to grow the GeTe layer in an RF

switch configuration. Lift-off was the patterning method for GeTe. GeTe had

poor adhesion to the AlN layer, and the lift-off process caused GeTe to peel

off from the underneath layer (AlN). This problem was dealt with by post-

thermal annealing of the AlN layer. However, other research showed that

AlN is not a good candidate for GeTe as its crystallization depends strongly

on the seed layer crystal quality and structure [98].

The GeTe thin film was crystallized through post-thermal annealing with the

conditions discussed in Chapter 4. The exception was that the seed layer had

been changed from Si to AlN. The realized GeTe had higher electrical resis-

tivity compared to what was achieved before with Si substrate. As discussed,

the AlN layer did not have a strong crystal quality, which resulted in lower

crystal quality of GeTe on top of that. Respectively, the electrical conductiv-

ity of the GeTe was affected and decreased. The measured conductivity of

crystallized GeTe in a switch configuration was 1×105 S/m which is more

than three times lower than what was previously extracted (3.5×105 S/m).
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Although it was presumed that the RF loss would be higher than what the

switches were designed based on, the difference between GeTe electrical

conductivity in its two phases is still high enough to be used in an RF switch.

5.2.1.4 RF Electrode

The RF electrodes should be an excellent conductor to transmit the RF signal

with the lowest loss possible. The other important factor in high-frequency

designs is skin depth, which implies the thickness of the conductor mate-

rials as well as the surface smoothness. The skin effect indicates the high-

frequency current tendency to flow at the conductor’s surface, and it is a

function of frequency. The higher the frequency, the lower the skin depth.

This means that the surface smoothness of the conductor is critical at RF

frequencies. On the other hand, the conductor thickness should be at least

five times the skin depth at the lowest frequency for good performance. The

conductor material was copper (Cu), which was covered by a thinner layer

of gold (Au) to protect it from oxidation. The Cu/Au thickness ratio was

around 80/20%. Also, a 10 nm titanium layer was used below each for bet-

ter adhesion and making better contact. The deposition method to grow

metal (Ti/Cu/Ti/Au) was thermal evaporation, and lift-off was the pattern-

ing method.
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Figure 5.12: (a) Top view of the switch before testing, (b) oxidized GeTe
after pulse applied.

5.2.1.5 Passivation

GeTe has a high tendency to oxidize. During switching and in the presence of

heat, if it has not been protected from the air (O2) and has contact with air,

GeTe will oxidize and deform. Generally, a passivation layer to protect GeTe

against oxidization is critical. The GeTe oxidation and deformation by ap-

plying the OFF pulse, without the passivation layer, is shown in Figure 5.12.

A thin layer of dielectric material was deposited on top of the GeTe via and

after electrode fabrication to tackle this problem. The materials tested for

the passivation layer were SiO2 and AlN, both deposited by sputtering.

5.3 Electrical and RF Testing

After designing and fabricating the RF switches, they have to be tested and

checked for their performance. All measurements in this work were per-
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Figure 5.13: RF measurement setup.

formed at room temperature, and the devices were tested using a Cascade

Microtech probe station with G-S-G air-coplanar probes. All measurements

were conducted using an Agilent performance network analyzer (PNA). The

PNA was calibrated with the short-open-load-through (SOLT) method with

the Cascade calibration substrate. Two air-coplanar (ACP50) RF probes with

the ground-signal-ground (GSG) configuration were used. The probe sta-

tion and the measurement set-up are shown in Figure 5.13. A closer view of

the switches under test, while RF and DC probes are connected, is shown in

Figure 5.14. First, the reference standards were tested to verify that the con-
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Figure 5.14: Switch with DC and RF probes are connected under the test.

ductor film quality was acceptable by testing the shorted reference. Also, the

open reference provides insight into the performance of the silicon substrate

and the maximum achievable isolation. Before applying any heat pulses, the

initial resistance of GeTe between two RF electrodes was measured, and the

GeTe conductivity was calculated based on it and the GeTe via size. The

measured resistance was 20 Ω for 3 µm RF gap and 100 nm GeTe thickness.

The switch width was 15 µm, which leads to 10 µΩ·m resistivity (ρ). The

heater resistance for different switch structures was also measured, and the

required pulse amplitude to produce sufficient heat was calculated. The RF

measurements of the PCM switches followed this. Figure 5.15 shows the

ideal set/reset electric pulses and the applied temperature profiles. The to-

tal duration of the set pulse was around 4.5 µs with an amplitude of 5.3 V.

The reset pulse has around 10 ns and 11 V time and amplitude, respec-

tively. So, the switching speed of the designed switch was 0.22 MHz. After
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Figure 5.15: Indirect heating switch actuation circuit diagram.

the actuation pulse was applied, DC probes were disconnected during the

RF measurements. Some issues were discovered during the fabrication and

measurements of the switches, and the switch fabrication process and the

material quality were modified after each run to improve the RF and switch-

ing responses. However, there was some limitation on the available equip-

ment, which will be discussed later. Some of these issues are summarized in

Table 5.2.

5.4 Device Model

Since fabrication and testing are the only approaches to demonstrate the

RF switches’ performances, a proper model can facilitate understanding the
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Table 5.2: Summary of issues and solutions for the fabricated RF switches.

Switch
Type

Problem Solution

Indirect
Heating
Switch

Large RF gap Design new mask

Etching W layer
Revise the W sputtering and
replace etching with lift-off

GeTe oxidation during
actuation

Add passivation layer

Passivation layer quality
Replace SiO2 with AlN as

passivation layer

Producing short enough
pulse for OFF pulse

Revise test equipment

effects of each parameter on the design. The model for an ideal RF switch

would be a resistor in the ON state (RON) and a capacitor in the OFF state

(COFF ). The GeTe resistivity in the crystalline state specifies the switch RON .

COFF is the total capacitance of GeTe via in the amorphous state. These

two parameters are essential to determine the cut-off frequency (fCO) as the

Equation 5.1 shows:

fCO =
1

2πRONCOFF

(5.1)

A two-port network model of the switch has been generated to de-embed

the parasitic elements’ effects. Figure 5.16 (a) displays the designed GeTe

switch structure and its equivalent network model. In this model, the par-

asitic effects of the pads and traces of the device under test (DUT) were
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modeled as a parallel admittance (Yp) and a series impedance (Zs) on each

side of the switch section and labeled as I and II. The switch (Sw) is modeled

as three parallel admittances, including the heater structure (Yh), GeTe via

(YGeTe), and admittance between RF traces above the GeTe layer (Yt). The

admittance of Sw is equal to the sum of these three admittances (Equation

5.2).

YSw = Yt + YGeTe + Yh (5.2)

The DUT’s transmission (ABCD) matrix can be extracted from the measured

scattering parameters (S-parameters). As three sections of I, Sw, and II are

cascaded, the product of their ABCD parameters’ matrices equals ABCD pa-

rameters of the DUT as shown in Equation 5.3.

ABCDDUT = ABCDI × ABCDSw × ABCDII (5.3)

Two structures of the designed RF switch with eliminating GeTe layer have

been fabricated and measured to de-embed the parasitic elements. The RF

gap in the first one is zero, and the RF traces make a short circuit. Also, the

heater and barrier layers have been omitted. The short circuit configuration

and related two-port network are shown in Figure 5.16 (b). The measured S-

parameter of the short circuit configuration was converted to the equivalent

Y-matrix. Similarly, Equation 5.4 presents the Y-matrix of the short circuit

network model illustrated in Figure 5.16 (b). Comparing these two, Yp and
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Figure 5.16: Structures and two-port network models of the (a) GeTe switch,
(b) open, and (c) short circuit.
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Zs can be calculated from Equations 5.5 and 5.6, respectively.

YShort =

Yp +
1

2Zs

−1
2Zs

−1
2Zs

Yp +
1

2Zs

 (5.4)

Yp = Y11−Short + Y21−Short (5.5)

Zs =
−1

2Y21−Short

(5.6)

The second architecture is an open circuit, while the RF gap has not filled

with GeTe material, but it contains heater and barrier layers. Figure 5.16 (c)

shows this structure and the related two-port network. The open circuit

network is cascaded from three sections, I, th, and II, in which ”th” denotes

the RF gap and heater admittances (Yth = Yt+Yh). The ABCD parameters of

sections I and II are shown in Equations 5.7 and 5.8, respectively.

ABCDI =

 1 Zs

Yp 1 + YpZs

 (5.7)

ABCDII =

1 + YpZs Zs

Yp 1

 (5.8)

So, ABCDI and ABCDII were derived from Equations 5.5 to 5.8. Also, by

converting measured S-parameters from the open structure to ABCD param-
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eters, ABCDOpen was determined. Equation 5.9 shows the ABCD parameters

for the open configuration, which leads to the ABCDth matrix from Equa-

tion 5.10.

ABCDOpen = ABCDI × ABCDth × ABCDII (5.9)

ABCDth = ABCD−1
I × ABCDOpen × ABCD−1

II (5.10)

Converting the ABCD matrix to Y matrix gives Yth. Also, ABCDSw can be

derived from Equation 5.3 as:

ABCDSw = ABCD−1
I × ABCDDUT × ABCD−1

II (5.11)

Finally, YGeTe will be derived from Equation 5.12.

YSw − Yth = YGeTe (5.12)

Considering the switch model as an ideal switch with a resistor (RON) in

parallel with a capacitor (COFF ), these values and cutoff frequency can be

determined from YGeTe. This de-embedding strategy was used to extract RON

and COFF to find the cut-off frequency.

5.5 Results and Discussion

The GeTe layer was crystallized by post-thermal annealing during the switch

production. Therefore, all switches were initially in the ON state. Before
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applying any pulses, the resistivity of the GeTe via was calculated based on

the switch dimensions and its measured resistance. The measured resistivity

is around 10 µΩ · m, three times higher than the GeTe thin film resistivity

achieved on top of the silicon wafer. The growth and crystallization param-

eters of the GeTe material for both experiments were the same. Their seed

layers’ are the main difference between the GeTe film in the RF switch con-

figuration and the studied one in chapter 4. A 100 Si wafer was used to

grow the GeTe layer for the crystallization study, while in the switch struc-

ture, AlN was the underneath layer. The purpose of the AlN layer as the

barrier was to provide electrical isolation between RF and actuation heat

paths while delivering the thermal energy produced heat by the heater to

the GeTe layer fast and efficiently. The quality of GeTe film has a vital role

in the RF switches’ performance, and specifically, its crystal quality depends

on its seed layer crystal quality [99], [100]. One major issue during fabri-

cation was the poor adhesion of the GeTe thin film to the AlN layer, which

caused the GeTe film to peel off during the lift-off process. As discussed,

the AlN layer was amorphous as deposited, and the equipment to supply

proper heat treatment for crystallization was unavailable. The crystalliza-

tion AlN temperature is around 1600◦C in a vacuumed furnace filled with

N2 for over one hour. In comparison, the feasible thermal annealer can not

reach the required temperature. The heat treatment for the AlN layer at

850◦C for 20 min improved the quality, and the GeTe adhesion problem has

been solved. Also, one of the associated peaks for crystalline AlN appeared

in the XRD measurements after annealing. However, this peak was weak

and broad, which means that the AlN layer was not fully crystallized. Ex-
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periments showed that the composed AlN material’s thermal conductivity is

high enough to transfer the required heat to the GeTe layer. Still, the crys-

tallized GeTe on top of the AlN has around three times more resistivity than

the one on top of Si. Other research indicated that AlN is a poor choice as

an underlying layer for GeTe [98]. Besides, due to the large RF gap from

the minimum feature size from the photolithography, the achieved switches’

insertion loss is higher than the designed switches.

The RF performance of the switches was measured, and the de-embedding

mechanism discussed in section 5.4 was used to extract the GeTe via RF

performance and eliminate the parasitic elements’ effects. Measured, de-

embedded, and related simulation results in the ON and OFF states of switches

are displayed in Figure 5.17. Figure 5.17 (a) shows the switches insertion

loss in the ON state. While the higher frequency performance agrees with

the simulation data, the low-frequency results show more loss which has a

reverse relation to frequency. Deriving the lumped element model of the

switch can facilitate understanding the switch’s behavior and evaluating its

performance. Figure 5.17 (b) presents the GeTe switch OFF state isolation

between input and output for measured, de-embedded, and simulation data.

The OFF state RF performance is good and below -18 dB for 1-20 GHz band-

width. The next section will propose the lumped circuit model of the GeTe

RF switch, and the switch’s performance will be characterized.

5.5.1 Circuit Model

The physical PCM switch with the biasing pads, heater structure, and traces

connecting to the switching element (GeTe via) affect the RF switch perfor-
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Figure 5.17: Measured, simulated, and de-embedded the GeTe RF switch
(a) insertion loss at the ON state and (b) isolation at the OFF state.
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Figure 5.18: Schematic of the GeTe switch and lumped-element model
(a) cross-section, (b) top view.

mance, and their effects should be considered. A cross-section and top view

of the designed PCM switch are shown in Figure 5.18 (a) and (b), respec-

tively. The parasitic circuit elements that contribute the most to the equiv-

alent lumped-element model are labeled in this figure, and a red dashed

square displays the GeTe via. In Figure 5.18 (a), Rc represents the contact

resistance between the metal electrodes and the GeTe layer as well as the RF

electrodes’ resistance. Rh denotes the resistance from the heater itself. Cd

represents the capacitance between each RF trace and the heater. The value

of this capacitance depends on the dielectric material properties and thick-

ness. Ct displays the capacitance between two RF terminals, and the RF gap

defines its value. Finally, Cp in Figure 5.18 (b) is the capacitance between

the RF electrodes and ground in the CPW structure. These lumped elements

are shown in Figure 5.19 in a circuit configuration. The RF switches behav-

ior was analyzed to determine the GeTe-via model.

Figure 5.19 exhibits the suggested circuit model for the PCM switch in the
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Figure 5.19: Equivalent lumped-element model of a GeTe switch in the (a)
ON state, (b) OFF state.

four-terminal, indirect heating structure regarding all parasitic components

in both ON and OFF states. The measured RF results of the switch, be-

fore de-embedding, which are shown in Figure 5.17 with dashed red lines,

are considered to propose the lumped circuit model for the designed GeTe

switch. The proposed model was derived based on the switch structure, ma-

terials’ properties, and geometry. This research’s primary area of interest is

the GeTe via, which wanted to investigate its circuit model to comprehend

its behavior. Therefore, the de-embedded data from Figure 5.17 were con-

sidered to extract the GeTe via model.

An ideal switch model is a resistance in parallel with a capacitance. In

the ON state (crystalline phase), the resistance is low, and it is the primary
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RF signal path; when it switches to the OFF state, the resistance increases,

and the parallel capacitance becomes the RF path between two terminals.

Figure 5.19 (a) demonstrates the switch model in the ON state, and the

resistivity of the PCM (GeTe) specifies the Ron. The obtained switch perfor-

mance in the ON state suggests that the GeTe via does not perform like just

a resistance. The higher transmission loss in the lower frequency indicates

there is a series capacitance in the RF signal path. The effect of this capaci-

tance is dominant in the lower frequencies. By increasing the frequency, Its

reactance drops, and the channel behaves like a resistance, as expected. Con

is the intrinsic capacitance from the GeTe via. This capacitance is derived

from the measured responses of the switch, and it is believed that it comes

from the poly-crystalline structure of the GeTe material. As discussed, the

GeTe thin film in the switch structure, and on top of the AlN layer, is not

fully crystallized and has a poly-crystalline structure. The poly-crystalline

GeTe has an intrinsic capacitance (Con) in series with the GeTe via resistance

(Ron). The effect of this capacitance is negligible in the OFF state, while

the series resistor has a large value. However, its effect is significant with

the small series resistor in the ON state (Figure 5.19 (a)). Therefore, in

Figure 5.19 (a) Ron and Con represent the resistance and capacitance of the

crystalline GeTe, respectively. Figure 5.20 shows the S-parameters results

from the circuit model and compares them to the measured results.

To change the GeTe state to amorphous, a short voltage pulse, as shown

in Figure 5.15 (orange line), was applied across the DC terminals. The OFF

pulse amplitude should be high enough to produce the required heat to melt

GeTe material in the RF gap area. At the same time, this pulse needs to be
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Figure 5.20: Measured and the model RF responses of the GeTe RF switch
(a) reflection coefficient (S11) and (b) insertion loss (S21) in the ON state.
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short with a very rapid fall time to quench the melted GeTe atoms in a dis-

oriented structure. One of the struggles of this work was the realization of

such a pulse. The available equipment did not have such ability, so a circuit

with four blocks was designed and realized (Figure 5.15) to achieve the OFF

pulse with 11.2 V and 10 ns duration, which was required to change the

GeTe phase to amorphous. Applying this OFF pulse increased the transmis-

sion loss, as shown in Figure 5.21, and the switch turned OFF. The lumped

circuit model of the GeTe switch OFF state was derived from the measured

results. As GeTe turned to an amorphous phase, the Roff rises, and the par-

allel Cl, which models the GeTe via capacitance in the amorphous form, be-

comes the dominant element to specify the RF isolation. The sum of Cl and

Ct (capacitance between RF terminals) is the capacitance associated with

the OFF state Coff . The Roff and Coff in the Figure 5.19 (b) model the OFF

state resistance and capacitance, respectively. The measured and the circuit

model S-parameters results are compared in Figure 5.21.

The Cl models the GeTe via capacitance in the amorphous form. The lumped-

element model introduced in Figure 5.19 helps to understand the GeTe RF

switch behavior in both ON and OFF states. The higher insertion loss in the

ON state comes from fabrication limitations, like the lithography minimum

feature size, which is more than three times higher than reported by other

researchers [101]–[103]. Moreover, the AlN thin film showed that it is not a

suitable base layer for GeTe. Although it provides suitable electrical isolation

and thermal conductivity, it has a rough surface morphology and poor crys-

talline quality. The GeTe thin film grown on top of the deposited AlN had

around three times higher resistivity than what was achieved on Si. On the
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Figure 5.21: Measured and equivalent model RF response of the GeTe RF
switch (a) reflection coefficient (S11) and (b) insertion loss (S21) at the
OFF-state.
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other hand, the AlN layer is a poor choice of seed layer for GeTe. The switch

RF results and higher GeTe electrical resistivity shows that the GeTe thin

film turned into a poly-crystalline structure by annealing. So, the RF perfor-

mances of the switch in lower frequencies can be explained by the effect of

capacitance in the GeTe-via poly-crystalline structure. Figure 5.22 illustrates

a schematic of the switch, emphasizing the GeTe crystalline quality in each

state. It is essential to understand that all the materials and structures have

crucial effects on the RF switch, and improving the fabrication is the primary

key to enhance the RF performance.

Also, some parasitic components affected the RF response in the OFF state.

For instance, Cd, the capacitance between the RF terminals and the heater

path. This capacitance value depends on the design structure, like the di-

electric thickness and how much the heater and RF electrodes overlay. Both

of these parameters were optimized for thermal efficiency, a thinner barrier

layer, better heat delivery, and wider the heater, lower actuation voltage re-

quired. While these are to the benefit of higher parasitic capacitance Cd and

resulted in lower signal rejection in the higher frequencies.

5.6 Summary

This chapter demonstrated nonvolatile RF switches based on the chalco-

genide material deposited for the first time using a novel method called PED.

The designed RF switch was introduced, and the functionality of each feature

was discussed. The materials have been chosen based on their electrical and

thermal properties to serve a specific role in the phase transition of PCM and
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Figure 5.22: Switch schematic in (a) the initial state GeTe poly-crystalline,
(b) GeTe amorphous in the RF gap after applying reset pulse.

efficient switching. The designed switches are fabricated using photolithog-

raphy and lift-off techniques in the university clean room. The fabrication

limitations were evaluated, and their effects on the switch RF performance

were explained. A four-terminal, indirectly heated PCM switch was success-

fully fabricated and tested up to 20 GHz. The GeTe material grown and

prepared for the first time with the PED technique demonstrated switching

between conductor and insulator with 19 dB variation in the S21. The RF

switch prepared based on that showed functionality and promising capabil-

ity for RF reconfigurability.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

The research has been discussed in this dissertation explored the utilization

of phase change material in the RF application. For this purpose, the GeTe

has been chosen among different GST compounds as it has some advan-

tages beneficial for RF applications, like fast switching. The GeTe thin film

in the amorphous phase is a good insulator and, in the crystalline phase,

is a good conductor. PCM has been used in RF switches to take advan-

tage of this feature in the RF application. An RF switch is essential in RF

reconfigurability systems, which is vital in today’s life. Growing a high-

quality thin film of PCM is the first and key step to achieving a reliable RF

switch. The goal was to grow a high-quality chalcogenide material with a

high RAmorphous/RCrystalline ratio.

The primary contribution achieved during this study was utilizing the PED

method, for the first time, to grow GeTe thin films. The pulsed electron-beam

deposition has some advantages over other currently used deposition tech-

niques, which makes it a suitable alternative for growing PCM. The growth
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parameters have been optimized to obtain GeTe thin films with a smooth sur-

face morphology and adjust the ratio of fundamental elements. The other

benefit is a Low-temperature deposition and the ability to use the lift-off

method for shaping. The GeTe thin film with a 50:50 elements ratio also

has a smooth and uniform surface morphology, which is critical for high-

frequency signal loss.

The GeTe deposited by PED is in an amorphous phase. It has been discussed

the reason for it is necessary for the PCM section in a switch configuration

to be in crystalline format. Crystallization technique by thermal annealer

has been characterized, and one of the lowest electrical resistivity of GeTe

has been achieved. The lowest crystalline state resistivity that has been re-

ported is 2 µΩ· m [29], which is slightly lower than the accomplished in this

research (2.8 µΩ· m). The resistivity of the conductive phase (crystalline)

was almost six orders of magnitude lower than that of the insulating phase

(amorphous), which is a huge contrast desired for reliable switching appli-

cations.

A 4-terminal PCM-based RF switch was designed, fabricated, and performed

successfully. The design’s schematic and dimensions and their influences on

RF performance have been studied. The switch dimensions and pattern ar-

rangements have been calibrated considering the fabrication limitations. Re-

garding the material choices in the PCM switch, various materials for each

segment have been studied, and the optimum growth and patterning proce-

dure have been examined.

Ultimately, a lumped element model of the switch has been developed, and

by comparing its results to the measurements, it was shown that the model
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predicts the PCM switch behavior accurately. This circuit model facilitates

understanding the PCM switch parts transaction and improves its perfor-

mance.

6.2 Future Research Directions

The work presented in this dissertation can be expanded in the following

areas.

6.2.1 Fabrication Process Improvements

The fabrication approach is one of the biggest challenges to achieving steady

and reliable RF switches. As a result, enhancing the fabrication procedure is

essential for improving PCM-based RF switches.

Modification of the existing PED system

The PED technique is new and has the potential to improve. Although the

deposition parameters have been optimized, the PED chamber itself can alter

to upgrade the results.

Improving the AlN thin-film growth for high conductivity purposes

The barrier section in the PCM switch is critical as it is the seed layer for the

PCM layer and requires to have specific thermal and electrical properties.

AlN material is one of the limited materials that satisfy both requirements.

The AlN deposition is challenging and can be improved. Its surface smooth-

ness is critical for switch RF performance as it is the layer underneath the

GeTe layer. Also, the crystallinity of AlN is important for the GeTe material

adhesion and crystal quality. Post-thermal annealing at very high tempera-
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tures (above 1000◦C) is necessary, which was missing in this work. Overall,

enhancing the AlN thin film will improve the PCM switch performance at

high frequencies.

6.2.2 GeTe Atomistic Structure Analysis

Some of the atomistic structures of crystalline GeTe have been studied by

high-resolution SEM imaging and X-ray diffraction measurements, but still,

the crystalline structures in the thin-film GeTe, and how they form. Further

investigation into the exact atomistic structure of the crystalline GeTe films

and the formation process of the GeTe crystal would be favorable and im-

prove the GeTe switch performance. Also, the impacts of vacancies in the

GeTe thin-film structure and how they can affect the electrical properties in

the two phases are not very obvious and require more study in this regard.

6.2.3 PCM RF Switches Enhancement

Future applications of GeTe-based RF switches rely on the progress in their

characterization and performance enhancement.

Modeling and further study of materials connections

Still, the material choices and their pattern and dimensions have the poten-

tial to study and made better. Investigation of various layer/section materi-

als’ properties and modeling them more accurately can help to improve the

switch design and get better results. To improve the transmission loss of the

switch, the contact resistance between the RF metal contact and GeTe film
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should be minimized. The ohmic contact between the Cu RF electrode used

in this research and the GeTe layer contributes one-third of the RON .

Designing of alternative structures to minimize the current limitations

The switch design can be altered to overcome some of the limitations im-

posed by fabrication. For instance, the heater structure and thickness affect

the PCM layer profile and smoothness. One solution can be burying the

heater in the substrate to achieve a flat canvas for the PCM layer. Also, the

barrier layer material properties and dimensions affect the parasitic capaci-

tances between RF and heater paths. Exploring the structural variations of

the insulating section between the heater and the RF signal can minimize

the parasitic effects of electrical pulses on the RF performance.
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Appendix A

Direct Heating Switch

Direct heating RF switch involves four terminals, two for RF signal and two

for heat bias, and each pair is connected through GeTe via. The GeTe via

is sandwiched laterally between RF electrodes and vertically between bias

electrodes. Figure A.1 (a) and (b) illustrate the schematic top and cross-

section view of the direct heating switch, respectively. The idea behind this

design is the heater terminals are connected through the GeTe layer (orange

arrow in Figure A.1 (b)). The RF terminals are also connected through the

GeTe layer but laterally (blue arrow in Figure A.1 (b)). To prevent the heater

and RF electrodes from making direct contact with each other, the GeTe layer

was deposited in two steps before and after the electrode deposition. Many

lithography attempts were conducted to find the optimal direct heating RF

switch design parameters. The final fabricated direct heating switch is shown

in Figure A.1 (d).

This design was fabricated and tested with an amorphous GeTe layer. As

a result, the primary state of the switches was OFF. Figure A.2 shows the

schematic of the ON pulse used to change the GeTe phase from amorphous

to crystalline. The measured transmission of the fabricated switch in the
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Figure A.1: Direct heating switch design (a) top view, (b) cross-section, and
fabricated switch (c) after RF electrodes fab, and (d) finished fab.
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Figure A.2: Direct heating switch actuation circuit.

direct heating structure is shown in Figure A.3. The ON pulse lowered the

insertion loss, but the switch was still very high to consider the switch in the

ON state. generally, its results were unsatisfactory, and considering all the

complications associated with the direct heating structure, it has not been

investigated more.
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Figure A.3: Direct heating switch RF results.
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Appendix B

List of Acronyms and Abbreviations

ACP Air Coplanar

AlN Aluminum Nitride

CMOS Complementary Metal Oxide Semiconductor

CPW Coplanar Waveguide

DUT Device Under Test

EDX Energy Dispersive X-ray

FESEM Field Emission Scanning Electron Microscope

FET Field-effect Transistors

FWHM Full Width at Half Maximum

GaAs Gallium Arsenide

GaN Gallium Nitride

Ge Germanium
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GeTe Germanium Telluride

GSG Ground-Signal-Ground

GST/GeSbTe Germanium Antimony Telluride

HEMT High Electron Mobility Transistor

IC Integrated Circuit

In Indium

MBE Molecular Beam Epitaxy

MEMS Microelectromechanical System

MESFET Metal Semiconductor Field Effect Transistor

MIT Metal-Insulator Transition

MMIC Monolithic Microwave Integrated Circuit

MMIC Monolithic Microwave-Integrated Circuit

mmWave Millimeter Wave

MOSFET Metal Oxide Semiconductor Field Effect Transistor

N2 Nitrogen

NiCr Nickel Chrome

PCM Phase Change Material

PEBS Pulsed Electron-Beam Source
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PED Pulse Electron-beam Deposition

pHEMT High Electron Mobility Transistor

PLD Pulsed Laser Deposition

PR Photo Resist

PV D Physical Vapor Deposition

RF Radio Frequency

RTA Rapid Thermal Annealer

Sb Antimony

Se Selenium

Si Silicon

SiO2 Silicon Dioxide

SOI Silicon on Insulator

SOLT Short-Open-Load-Through

SOS Silicon on Oxide

T − Line Transmission Line

Te Telluride

UHV Ultra-High Vacuum

V NA Vector Network Analyzers
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V O2 Vanadium Dioxide

XRD X-ray Diffractometry
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