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Abstract

Digital electronics have dominated modern computing for decades. However,
the emergence of artificial intelligence applications drives a growing demand for
enhanced computing performance, and motivates a shift toward a new design
paradigm to tackle the data-transferring bottleneck in conventional computing
architecture. In-memory computing, featuring co-located memory and processing
units, stands out as a compelling solution, with non-volatile devices serving as
critical components.

Meanwhile, the advancement of silicon photonics has led to renewed attention on
photonic computing. Combining the high-bandwidth and low-latency advantages of
photonics with the maturity of electronics, the electro-optical in-memory computing
architecture opens up new opportunities for future energy-efficient computing
systems. The key challenge lies in developing energy-efficient, scalable non-volatile
optoelectronics devices, while circumventing the intrinsic size mismatching problem
between photonics and electronics.

The content of the thesis encompasses the design, simulations, fabrication process,
experimental measurements, and analysis results of the development of phase-change
optoelectronic devices, the core representative of non-volatile optoelectronics. Close
attention is devoted to devices based on silicon-on-insulator (SOI) platforms, given
their excellent integration potential with CMOS-based electronics.

The first part of the thesis is devoted to the development of plasmonic phase-
change devices on a SOI platform. With an optimized corrugated grating design to
reduce insertion loss, such devices have achieved a more than three-fold improvement
in coupling efficiency compared to their Si;N, counterparts. A self-aligned fabri-
cation process is further exploited to mitigate the alignment challenge. Moreover,
binary and multilevel programmability have been experimentally demonstrated in
these devices with an ultra-low minimum optical switching energy of 3.82 pJ.

Next, the implementation of non-plasmonic integrated electro-optic phase-change
devices is presented. By structuring the phase-change material as a nanoscale
constriction, this design allows programmability and readability of phase-change
materials in both electrical and optical domains without placing constraints on the
metallic layers, thus revealing significant potential for CMOS-compatible scaling.
Phase-change constriction devices have demonstrated sub-10 pJ electrical switching
energy and a high electro-optical modulation efficiency of 0.15 nJ/dB. Further,
in-plane photosensitivity of the device has been characterized, opening new avenues
for constructing energy-efficient electro-optical systems that incorporate both in-
memory programming and sensing abilities.

Finally, system integration of electro-optical computing units has been assessed

by exploiting a foundry-fabricated integrated photonic chip. The performance of



integrated volatile modulators and photodetectors is compared to that of inte-
grated phase-change material-based non-volatile optoelectronics using experimental

characterization results.



Contents

List of Figures X
List of Tables xiii
List of Abbreviations xiv
1 Introduction 1
1.1 Motivation . . . . . . . ..o 1
1.1.1 In-memory Computing: The Trend . . . . .. .. ... ... 1
1.1.2  Electro-optical In-memory Computing: The Challenge 3
1.2 Outline and Objectives . . . . . . . . . . .. ... ... ... ..., 5
1.2.1  Objectives . . . . . . . .. 5
1.2.2 Outline . . . . .. ... 6
1.3 Key Findings and New Science . . . . . . ... ... ... .. ... 7
1.4 Statement of Originality . . . . . .. ... ... ... ... . .... 8

2 Integrated Phase-Change Optoelectronics for Computing: A Liter-
ature Review 9
2.1 Technical Routes for Electrical In-memory Computing . . . . . . . . 10
2.1.1 Memristive Devices . . . . . .. .. ... 0oL 11
2.1.2  System Implementations . . . . . . ... ... ... ... .. 16
2.1.3 Figuresof Merit . . . . . . . ... 18
2.2 Technical Routes for Photonic In-memory Computing . . . . . . . . 20
2.2.1 Interferometric Mesh Architectures . . . . . .. .. ... .. 21
2.2.2  Microring Weight Banks . . . . .. .. .. ... ... 23
2.2.3 Phase-change Photonic Crossbar Arrays . . .. .. ... .. 25
2.2.4 Diffractive Neural Network . . . . . . . ... ... ... ... 29
2.2.5 FEmerging Routes . . . . . ... ..o 31
2.2.6 Figuresof Merit . . . . . . . .. ... 34
2.3 The Need for Integrated Optoelectronics . . . . . . . .. ... ... 37
2.3.1 Volatile Optoelectronics . . . . . . . . ... .. ... .... 38
2.3.2 Phase-Change Optoelectronics . . . . . . .. ... ... ... 39
3 Techniques and Methods 43
3.1 Basic Photonic Structures . . . . . . .. ... 43
3.1.1 Dielectric Waveguides . . . . . .. . ... ... ... ..., 44
3.1.2  Grating Couplers . . . . . ... ... oL A7
3.1.3 Plasmonic Waveguides . . . . . .. .. ... ... ... ... 48
3.2 Fabrication Techniques . . . . . . . . . ... ... ... .. ... 52

VL



Contents

3.2.1 Alignment markers and exposure resolution . . . . .. ... 54
3.2.2 Photonic Layer . . . . ... ... L 55
3.2.3 Electronics Layer . . . . . . .. .. ... ... ... ... 56
3.2.4 Phase-change material layer . . . . . . ... ... ... ... o7
3.3 Experimental Setups . . . . .. ... oL 59
3.3.1 Thesamplestage . . . . .. .. ... ... ... ... 29
3.3.2 Optical measurement setup . . . . . . ... ... ... ... 60
3.3.3 Electrical measurement setup . . . . . ... ... ... ... 64

4 Plasmonic Mixed-mode Phase-change Devices on the SOI Platform 65

4.1 Background . . . .. ..o 65
4.2 A Self-Aligned Fabrication Method . . . . . . ... ... ... ... 66
4.3 Device Design and Simulations. . . . . .. ... ... ... ... . 67
4.3.1 The design of the corrugated structure . . . . .. ... ... 68
4.3.2 Propagation loss . . . . . . . .. ... L. 69
4.3.3 Comparison of fully- and half-etched SOI substrates . . . . . 70
4.4 Experimental Results . . . . . ... ... ... ... .. ... ... 72
4.4.1 Conversion efficiency . . . . . ... ... ... L. 72
4.4.2  Microscopic characterization . . . . . . .. ... ... ... 73
4.4.3 Optical switching . . . . . . . . ... ... ... ... ..., 74
4.4.4 Electrical switching . . . . . . ... ... ... .. .. 76
4.5 Discussion . . . . . ..o 79
4.5.1 Analysis for material choices . . . . . .. .. ... 80
4.5.2 Design parameters and fabrication variations . . . . . . . .. 81
4.5.3 Plasmonic MZI . . . . . .. ... oo 84
4.6 Chapter Summary . . . . . . . . ... 85

5 Mixed-mode Phase-change Devices with Constriction Structures 87

5.1 Background . . . . .. ... 87
5.2 Device Design and Simulations . . . . . . ... ... ... ...... 89
5.2.1 Device schematics . . . . . . . . ... ... .. 89
5.2.2  Design of the crossing structure . . . . . .. ... ... ... 91
5.2.3 Design of the constriction structure . . . . . . .. ... ... 92
5.2.4  Optical readout of the electrical switching . . . . . .. . .. 93
5.3 Device Fabrication and Characterization . . . . ... ... ... .. 96
5.3.1 Electrical constriction devices . . . . . . .. ... ... ... 96
5.3.2 Device fabrication process flow . . . . . . .. ... ... ... 98
5.3.3 Basic characterization . . . . . ... ... 0L, 98
5.4 Switching Performance Characterization . . . . ... ... ... .. 99
5.4.1 Optical switching with mixed-mode read-out . . . . . . . .. 100

()



Contents

0.4.2
5.4.3
5.4.4
0.4.5

Electrical switching with mixed-mode readout . . . . . . ..
Discussion on electrical switching conditions . . . . . . . ..
Dynamic response . . . . . . . .. ..o
Switching energy analysis . . . . .. . .. .. ... .. ...

5.5 Photo-detection Behavior . . . . . . . .. ...

2.5.1
5.5.2

Responsivity . . . . . . ... oo
Random access and potential applications . . . . . . . . ..

5.6 Future Optimization . . . . . . . ... ... ... ... ... .

5.7 Chapter Summary . . . . . . .. ... ...

6 System Integration

6.1 Foundry Run Design and Characterizations . . . . . . . . . ... ..

6.1.1
6.1.2

SiGe EAM characterizations . . . . . . . ... ... ... ..
Integrated SiGe photodetector characterizations . . . . . . .

6.2 Comparison between GST and SiGe devices . . . . ... ... ...
6.3 FPGA Transceiver System . . . . . . . . . .. .. ... ... .. ..
6.4 Chapter Summary . . . . . .. ... .. ...

7 Conclusion and Outlook

7.1 Conclusions . . . . . . . . s,
7.2 Outlook . . . . ..

List of publications

References

1

115
115
116
118
119
121
123

125
125
126

129

132



1.1
1.2
1.3

2.1
2.2
2.3
2.4
2.5
2.6

2.7

2.8

2.9

2.10
2.11
2.12
2.13
2.14
2.15

2.16
2.17

3.1
3.2

3.3
3.4

3.5
3.6
3.7
3.8
3.9
3.10

List of Figures

Computing power demands over the past four decades. . . . . . . . 2
An integrated framework for electro-optical computing systems.

Interaction length for integrated electrical and optical phase-change

memristors. . . . . ... Lo 4
Memory hierarchy. . . . . . .. . ... Lo 10
Schematics for memristive devices and arrays. . . . . . .. .. ... 11
Different implementations of memristive devices. . . . . . . . . . .. 12
Switching mechanism of PCMs. . . . . .. ... ... ... ..... 13
Memristive arrays. . . . . . . . ... 17

Timeline of advancements in optical and photonic in-memory com-

puting. . . . ... 20
Photonic neural network schematic based on an interferometric mesh

architecture. . . . . . . . .. L 21
Forward-only and recirculating meshes. . . . . . . . ... ... ... 23
MRR weight bank-based Broadcast-and-Weight architecture. . . . . 24
Phase-change materials-based photonic devices. . . . . . .. .. .. 26
Phase-change materials-based photonic crossbar arrays. . . . . .. 27
Phase-change materials-based MRR architectures. . . . . . . . . .. 28
Schematics for Diffractive Neural Networks. . . . . . ... ... .. 30
Schematics for time-multiplexed photonic computing. . . . . . . . . 32

Scaling performance comparison between different technical routes

for integrated photonic computing. . . . . . .. ... ... ... .. 36
Phase-change material-based free-space optoelectronics. . . . . . . . 39
Integrated Phase-Change Optoelectronics. . . . . . . .. . ... .. 41
Schematic of a planar waveguide. . . . . . . . ... ... ... ... 44

Geometries of 2D waveguides based on silicon-on-insulator (SOI)
substrates. . . . .. ..o Lo 46
Schematic of grating couplers. . . . . . . . .. ... ... ... ... 48

Surface plasmon polaritons (SPP) propagates along a metal-dielectric

interface. . . . . .. .. 50
Plasmonic modes of metal-dielectric-metal waveguides. . . . . . . . 51
Overview of the layout used for fabrication. . . . . ... ... ... 52
The layout of alignment markers. . . . . ... .. ... ... .... o4
Fabrication process of the photonic layer. . . . . . . . ... ... .. 56
Fabrication process of the electronics layer. . . . . . . .. .. .. .. 56
Fabrication process of the phase-change materials layer. . . . . . . . 58



List of Figures

3.11
3.12
3.13

4.1
4.2
4.3
4.4

4.5
4.6
4.7
4.8

4.9
4.10
4.11

4.12

4.13
4.14
4.15

5.1

5.2
5.3

5.4
2.9
5.6
2.7

5.8
5.9
5.10
5.11
5.12
5.13

Optical images of the sample stage. . . . . . . ... ... ... ...
Optical switching setup with both electrical and optical readouts.
Electrical switching setup with both electrical and optical readouts.

Self-aligned fabrication process flow.. . . . . . .. ... .. ... ..
Grating structures for improving mode conversion efficiency.
Simulated propagation Loss. . . . . . . . ... ... ... ... ...
Simulated temperature distribution for fully-etched and half-etched
nanogap structures. . . . . ... ... oL L Lo
Experimental transmission efficiency. . . . . .. ... ... ...
Optical microscope and SEM images. . . . . . . .. ... ... ...
Optical Switching Performance. . . . . . . .. ... ... ... ...
Current-voltage measurements of the device resistance before and
after hotplate annealing . . . . . ... ... ... ... ... ...
Electrical threshold switching. . . . . . . ... .. ... ... ....
Optical switching performance after IV annealing. . . . . . . . . ..
Simulated propagation loss when exploiting TiN as the electrodes
material. . . . ...
Simulated reflection and transmission profiles for plasmonic nanogap
devices with various taper angles. . . . . . . . ... ... ... ..
Simulated dispersion diagrams with different grating parameters. . .
Simulated transmission profiles with different grating parameters.
Transmission profile of the plasmonic MZI device. . . . . . . . . ..

Two directions to tackle the size mismatch between integrated elec-
trical and optical phase change devices. . . . . . . . . ... ... ..
Device schematic for the constriction device. . . . . . . . ... . ..
Simulated (via COMOSL Multiphysics) temporal peak temperature
profiles . . . . . .
Details for the multi-mode interferometer (MMI) crossing design.
Design parameters for the phase-change material constriction.
Simulated electrical switching performance. . . . . . . . .. .. . ..
The simulated (via Lumerical FDTD Solutions) transmission change
with different switched lengths for a 300-nm constriction device.
Electrical switching performance on a SiO, substrate. . . . . . . ..
AFM characterization. . . . . . . .. ... oL
Basic device characterization. . . . . . ... ... 000,
Binary optical switching performance. . . . . . . ... .. ... ..
Multilevel optical switching performance. . . . . . ... ... ...
Binary electrical switching performance. . . . . . ... .. ... ..

i

29
60
64

67
68
70

71
73
74
75

7
78
79

80

81
82
84
85

88
89

90
91
92
94

95



List of Figures

5.14
5.15
5.16
5.17

0.18

5.19
5.20

5.21
5.22

6.1

6.2
6.3
6.4
6.5
6.6

Multilevel electrical switching performance. . . . . . . . . . .. . .. 103
Multilevel electrical switching stability. . . . . . . ... .. .. ... 104
Electrical switching under various DC bias. . . . . . . . . .. .. .. 105

Experimental dynamic response for the device with a 450-nm con-
striction. . . . . . . L L oL 106
Switching energy map for different phase-change electro-optic mem-
ristor implementations. . . . . ... ..o 107
Phase-dependent photo-detection behavior. . . . . . . ... ... .. 109
Phase-dependent responsivity (A = 1550 nm) of the constriction
devices under different bias voltages. . . . . .. .. . ... ... .. 109
Dynamic electrical readout of the input optical power at A = 1550 nm.111
Potential applications. . . . . . . ... ... 0oL 111

PIC layout with IMEC iSiPP50G technology, including both GST-

and EAM-based matrices. . . . . . . .. .. ... ... ... .. 116
Characterizations for SiGe EAMs. . . . . . . . ... ... ... ... 117
Characterization for SiGe photodetectors. . . . . . . . .. ... .. 118
Responsivity of SiGe photodetectors. . . . . . . . . ... ... ... 119
Schematics for the RESoC FPGA. . . . . . .. ... ... ... ... 121
Sine wave transmission and reception via RFSoC FPGA. . . . . .. 123

i1



2.1

2.2

4.1

5.1

6.1

6.2

List of Tables

Performances of commercial stand-alone memories in 2021. Based
on [8,45]. . .. 15
State-of-the-art inference demonstrations with in-memory computing 19

Optical Switching performance of integrated photonic devices with
GeoSbyTeg .o 0 oo 76

Performance comparison of electro-optic memristor implementations
based on Ge,SbyTe, . . . . . . .o oo 108

Performance comparison of SiGe EAM and Ge,Sb,Te;-based optical
memristors . . . ... ..o 120

Performance comparison of SiGe and Ge,Sb,Te;-based photodetectors120



List of Abbreviations

Analogue-to-digital converter

Atomic force microscope

Artificial Intelligence

Atomic layer deposition

Balanced photodetector

Computer-Aided Design

Canadian Institute For Advanced Research-10 database
Complementary metal-oxide-semiconductor
Convolutional neural network

Continuous wave

Digital-to-analogue converter

Digital micromirror device
Electro-absorption modulator

Electron beam lithography

Erbium-doped fiber amplifier
Electro-optical modulator

Field-effect Transistor

Floating-point operations per second

Field programmable gate array

Ge,Sh,Te; phase change alloy
Input-Output

Indium Tin Oxide

Multiply and accumulate
Metal-insulator-metal structure
Multi-mode interferometer

Modified National Institute of Standards and Technology database
Microring resonator

Matrix-vector multiplication

Mach-Zender interferometer

Optical neural networks

Tiv



List of Abbreviations

D .. ... .. Photodetector

PIC . ... .. Photonic integrated circuits

RIE . ... .. Reactive ion etching

sccm ... ... standard cubic centimeter per minute
SEM . ... .. Scanning electron microscope
Sio.o.. L Silicon

SiN . ... .. Silicon Nitride

SiO, . ... .. Silicon Dioxide

SLM . ... .. Spatial light modulator

SNN . ... .. Spiking neural networks

sor ...... Silicon on insulator

TIA . ... .. Trans-impedance amplifier

TIR . ... .. total internal reflection

TOPS . .. .. Tera-operations per second

VCSEL . . .. Vertical cavity surface emitting laser
VOA . ... .. Variable optical attenuators

WDM . .. .. Wavelength division multiplexing

Tv



Introduction

Contents

1.1 Motivation . ... ... ... .. 0 0oL
1.1.1 In-memory Computing: The Trend . . . . . . .. .. ..
1.1.2  Electro-optical In-memory Computing: The Challenge .

1.2 Outline and Objectives . . . . ... ... ... ......
1.2.1 Objectives . . . . . . . . . .
1.2.2 Outline . . ... .. ... ...

1.3 Key Findings and New Science . ... ..........

1.4 Statement of Originality ... ... ............

0 o Ut Ut w — =

1.1 Motivation

1.1.1 In-memory Computing: The Trend

Since the first general-purpose digital computer, ENTAC, came out in 1945 [1],
the von Neumann architecture [2] has dominated modern computing for several
decades. It makes use of data transferring between the central processing unit
(CPU) and the memory unit to process input data and generate output results.
Thus, the bandwidth and latency of the data transfer impose an upper bound on the
achievable computing performance. Billions of electronic unit cells, transistors, have
been squeezed onto the chip scale to implement the central processing unit with a
minimum feature size close to 10 nm [3], but their speed and energy performance
cannot still meet the requirements of the era of "big data" or artificial intelligence

(AI) [Figure 1.1]. The approaching scaling-down limit and the intrinsic bottleneck
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of von Neumann architecture on data transferring call for a new design paradigm
of future computing.
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Figure 1.1: Computing power demands over the past four decades. Reprinted from [4].

In-memory computing, featuring co-located memory and processing units,
provides a promising way to tackle the data transferring bottleneck. Extensive
research has been conducted to build electrical in-memory computing systems|5, 6].
The key components, memristors [7, 8|, are a type of memory device that retain
their states (e.g. distinct resistance or transmittance levels) after programming
without consuming additional energy, rendering them uniquely suited for low-power
computing applications.

Given their compatibility with CMOS integration, wafer-scale electrical in-
memory computing chips have been demonstrated [9, 10], offering advantages in
both computing density and energy efficiency over CPU and GPU [5]. However, the
operation speed of electronics (< 5 GHz) are limited by capacitive delays and power
dissipation, restricting future performance advancements in computing efficiency and

latency (lower-bounded by the inverse of the bandwidth, i.e. 200 ps) [11].
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With recent advances in silicon photonics, photonic in-memory computing
processors are redefining the boundaries of classical computing [11-13]. Photonics
provide more degrees of freedom, such as wavelength [14, 15] and polarization
[16], thus enabling high-bandwidth multidimensional information processing within
memory. Moreover, given the absence of parasitic capacitance, photonics allow for
lower computing latency and thus higher computing speed and energy efficiency
[11-13]. However, since the development of integrated all-optical systems remains
in its infancy, extra electro-optical conversions are still required for current pho-
tonic systems to be compatible with digital general-purpose modern computing

systems.

1.1.2 Electro-optical In-memory Computing: The Chal-
lenge

Electro-optical in-memory computing architectures [Figure 1.2], which combine
the advantages of both electrical and photonic domains, are preferred for future

high-performance and energy-efficient computing systems.
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Figure 1.2: An integrated framework for electro-optical computing systems. Based on
[14].

To build electro-optical computing architectures, electro-optic memristors [7]

are attracting attention because they enable programming and readout of the
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memory in both electrical and optical domains, i.e. providing dual electrical-optical
functionality, bridging the efficiency of electronics and the bandwidth of photonics
without requiring extra optical to electrical (OE) and electrical to optical (EO)
conversions.

Phase-change materials, and notably the commonly employed alloy GesSbsTes
(GST), are exploited to modulate and store information in the optical transmissivity
and electrical resistivity of different states (amorphous and crystalline), thus have
been widely used as both optical memristors [17-23] and electrical memristors [10,
24-26] in computing systems. However, it has been challenging to implement phase-
change electro-optic memristors in an integrated system because the mechanisms for
optical and electrical programming are different [Figure 1.3]. Evanescent coupling-
based optical programming [18] requires adequate interaction length, while electrical
programming prefers small confined cells for better Joule heating [24]. Such size
mismatching between the electrical and optical domains poses hurdles in achieving
both good heat confinement for electrical programming or sensing, and sufficient

light-matter interaction for optical programming or sensing.

Integrated Phase-Change Memristors

Electronics Photonics Interaction
1 nm 10 nm 100 nm 1 ym length

TE

Chalcogenide
(GST

BE

Confined cells
for electrical

, Evanescently coupling
programming

pgset = BEC dliameter for optical programming

Figure 1.3: Interaction length for integrated electrical and optical phase-change
memristors. TE: top electrode; BE: bottom electrode; BEC: bottom electrode contact
with the BEC diameter < 20 nm. Based on [18, 27, 28].



1. Introduction

This thesis aims to provide experimental implementations to tackle this problem,
which offer the potential for fully integrated energy-efficient electro-optical comput-

ing systems that combine in-memory programming and sensing capabilities.

1.2 Outline and Objectives

1.2.1 Objectives

This thesis addresses the challenges of building energy-efficient electro-optical
computing systems on a SOI platform. This is achieved by first implementing
plasmonic phase-change devices on a SOI platform. With a corrugated grat-
ing design, plasmonic phase-change devices with high mode-coupling efficiency
(—3.57 dB) and ultra-low optical switching energy (3.82 pJ) are experimentally
demonstrated.

Next, a novel non-plasmonic electro-optic memristor is proposed. By structuring
the phase-change material as a bow-tie constriction, the electrically generated heat
profile of the device is geometrically confined and combined with photonics. This
design allows programmability and readability of phase-change materials in both
electrical and optical domains without placing constraints on the metallic layers,
and achieves high electro-optical modulation efficiency. As far as is known, it is
the first experimental demonstration of integrated electro-optic memristors with
dual electro-optical functionality that allows for CMOS-compatible materials and
fabrication, facilitating scalable integration. Meanwhile, in-plane photosensitivity
of the device is explored, enabling a versatile electro-optical unit cell combining
both programming and sensing abilities.

Moreover, system integration of electro-optical computing units is explored,
exploiting a foundry-fabricated integrated photonic chip. The design of the photonic

chip is discussed alongside experimentally measured results.
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Introduction

1.2.2 QOutline

The content of this thesis is outlined as follows:

o Chapter 2 A comprehensive literature review has been presented covering

state-of-the-art implementations for integrated electrical and photonic in-
memory computing systems. The advantages and drawbacks of different
technical routes in relation to benchmark metrics are discussed. Further,
advances in volatile and nonvolatile integrated electro-optical components

within computing systems are reviewed.

Chapter 3 An introduction to the theoretical background of integrated
photonics, along with discussions of the fabrication process and experimental

setups, is presented.

Chapter 4 Experimental development and demonstration of plasmonic
grating nanogap phase-change devices on SOI platforms are discussed in
this chapter. A self-aligned fabrication flow is demonstrated, followed by

discussion of the coupling efficiency and switching behaviors of the device.

Chapter 5 Experimental development and demonstration of non-plasmonic
phase-change electro-optic memristors exploiting a constriction structure. The
switching behavior of the devices, along with in-plane photosensitivity, is

discussed.

Chapter 6 Discussions of the system design for electro-optical computing.
This chapter presents the design and characterization of foundry-fabricated
devices, together with a brief introduction to the development of a transceiver

system based on an RFSoC FPGA platform.

Chapter 7: Discussions of future work and the potential impact of the work

demonstrated in the thesis.
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1.3 Key Findings and New Science

Key results of this work relate to the development of two types of electro-optic
devices based on phase-change materials, Ge,Sb,Te; in particular.

The key results and new science include the following :

o A self-aligned fabrication process to implement plasmonic phase-change devices

has been developed.

o Plasmonic phase-change devices with corrugated grating designs have been
implemented on a SOI platform, demonstrating 3x improved mode-coupling
efficiency and 4x lower optical switching energy for Ge,Sb,Te; compared to

previous implementations on a Si;N, platform.

o An integrated non-plasmonic electro-optic memristor with dual electro-optical
functionality and potential for CMOS-compatible scaling has been proposed.
The device has demonstrated low switching energy and high electro-optical

modulation efficiency, as well as photodetection capabilities.

Moreover, this project has left new tools developed by the author, as described
in Chapter 6, which will be useful for current and future members of the Advanced
Nanoscale Engineering group at the University of Oxford, where this thesis was

conceived. The new tools include:

e Designed passive and active components of photonic circuits on a foundry
run chip with high-speed integrated photodetectors and electro-absorption

modulators (EAMs).

o Developed the transmitter and receiver system based on RFSoC FPGA.
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1.4 Statement of Originality

This thesis entails the original work performed by the author during her time as a
DPhil student at the University of Oxford. All the results and experiments presented
here have been obtained by the author solely. Where relevant, the collaborators’
contributions have been acknowledged. Grammar and language proofreading has
been assisted by Al-based lauguage models, ChatGPT and Writefull. The author

takes full responsibility for the final content.
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To describe the background of electro-optical in-memory computing, this chapter
first reviews the mainstream technical routes for electrical in-memory computing and
photonic in-memory computing, respectively, followed by a comparison of figures of
merit. The last section provides a brief introduction of current implementations of
electro-optical components, which form the foundation of the experimental work

in this thesis.
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2.1 Technical Routes for Electrical In-memory
Computing

Modern computer architecture comprises a memory hierarchy (Figure 2.1) to reduce
memory access latency, with high-speed, low-latency memory components placed
close to the processing unit [29], such as transistor-based static random access

memories (SRAMs) and dynamic random access memories (DRAMs).

Accass time (ns)

Capacity (bits per die)

Embedded memory

(~US%$60 billion)
Standalone
solid-state memaory
(~US$127 billion)
GB-TB NAND flash
Magnetic hard disk
TB Magnetic tape

Figure 2.1: Memory hierarchy. Reprinted from [29].

Fast as they are, transistor-based memory units require a constant power supply
and dynamic refreshing operations, leading to extra power consumption. Alterna-
tively, nonvolatile memristive devices [Figure 2.2(a)] emerge as a power-efficient
solution for memory implementations, i.e. non-volatile memories (NVM). They can
be switched between high and low resistances and retain their resistance after the
supply power is retrieved, combining the memory function and programmability
8].

Moreover, memristive devices provide an energy-efficient way to implement
matrix-vector multiplication (MVM)-based computing applications. Instead of
exploiting tens of transistors to implement one multiplication operation, the output
current of one memristive device intrinsically calculates the multiplication results of

the input voltage and the device conductance according to Ohm’s law (I =V x G).

10
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Figure 2.2: Schematics for memristive devices and arrays. (a) Simplified equivalent
circuit for a resistive switching-based memristive device. Reprinted from [30]. (b)
Implementing matrix-vector multiplication with a memristive device array. Reprinted
from [7].

Similarly, arrays of such devices perform MVM in a single step, which are critical
operations for neural network-related computing tasks, with the conductivity of
memristive devices acting as configurable weight elements (G;; and W;; in Figure
2.2(b)).

This section first introduces representative mechanisms of electrical memristive
devices, followed by a survey of the state-of-the-art electrical in-memory computing
system implementations. Finally, a comparison of key performance metrics is

presented.

2.1.1 Memristive Devices

Memristive devices are mostly based on a metal/insulator /metal nanocell struc-
ture [8]. Although broad material options have been explored, such as carbon
nanotubes[31, 32], two-dimensional materials [33] or polymers [34, 35], this review

focuses on devices made of phase-change, metal-oxide, magnetic or ferroelectric

11
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materials [Figure 2.3], which are technical routes with relatively mature applica-
tions.

Resistive random access memory (RRAM)

In 2008, Hewlett Packard Labs reported the first explicit implementation of
memristors based on TiO, devices [30], after Leon Chua proposed the concept
in 1971 [36]. Such metal oxide-based resistive switching devices are also referred
to as resistive random access memories (RRAMs) [Figure 2.3(a)]. When voltage
is applied across the metal electrodes, the electrical field drives the metallic ions
from the highly diffusible metal electrode or the oxygen ions from the metal-oxide
insulator layer to move, forming doped regions and changing device resistance. The
dopant distribution, and thus the device resistance, are retained after removing the

external voltage, and they are recoverable when reverse bias is applied [36].

(e) I
(b) (c) (d) T~
R I
. - lE T
More | S, g ‘
conductive S1EEgs
# S
Crystalline phase Up domains
| - I — ,
Less 5
conductive Oxide Insulator —
. —
Amorphous ‘I Resistive switching material:
Metal’| RS Down domains 'Magnet e e e

Figure 2.3: Different implementations of memristive devices. (a)-(d) represent metal-
oxide, phase-change, ferroelectric and magnetic materials-based memristive devices,
respectively. Reprinted from [37]. (e) Benchmark metrics for the four technical routes.
Reprinted from [38].

The design of RRAMs provides good CMOS compatibility and high scalability,
featuring fast switching speed (<10 ns), large high resistance and low resistance
(HRS/LRS) ratios (>100, up to 2,048 conductance levels [39]) and low switching

energy (<0.1 pJ) [8]. However, thermal fluctuation and the stochasticity of the
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nanofilament formation and rupture processes induce variations in switching voltages
and state resistance, limiting the endurance of the devices. The most repeated
endurances are between 10° and 107 cycles [8].

Phase-change memory (PCM)

Chalcogenide materials, such as Ge,Sb,Te;, exhibit different resistances in
their various phases (crystalline and amorphous) [Figure 2.3(b)] and have been
commercially used as phase-change memories (PCMs) [40, 41]. PCMs undergo phase

transitions as a result of Joule heating and threshold switching [24, 42].
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Figure 2.4: Switching mechanism of PCMs. (a) Device schematics under SET and
RESET operations. TE: top electrode, BE: bottom electrode. Reprinted from [43]. (b)
Temperature profile of the PCM devices under set, reset and read pulses. Reprinted
from [42]. (c) Typical current-voltage curve of PCMs initially in an amorphous state.
Reprinted from [24].

A short high-power pulse melts the crystalline material (high absorption, low
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resistance) and rapidly cools it to a disordered, amorphous state (high transmission,
high resistance). On the other hand, a moderately long pulse restructures the
amorphous material to the crystalline state [Figure 2.4(a)-(b)]. The amorphization
process begins with threshold switching, where the device resistance drops abruptly
when the applied voltage is higher than a threshold. Afterwards, Joule heating
dominates to further heat the material above the melting temperature [24] [Figure
2.4(c)]. During crystallization, many nuclei (small crystalline regions) firstly form
then grow slowly to achieve full crystallization for nucleation-dominated material
GST, requiring sufficient pulse duration for crystal lattice reconstruction [24,
44].

PCMs offer high scalability (cell size < 10 nm), low programming voltage
(< 3 V), and large HRS/LRS ratios (>100). Yet, it requires longer writing pulses
(50-100 ns) compared to RRAMs, limited by the slow recrystallization process [8].
PCMs demonstrate endurance up to 10'? [45]. Similar to RRAMs, PCMs suffer from
inherent variability of switching voltages and state resistance, owning to atomic
rearrangements and structural relaxation [8].

Ferroelectric tunnel junction (FTJ)

Placing a thin (a few nanometers) ferroelectric insulator (such as BaTiO; [46,
47]) between two electrodes forms a ferroelectric tunnel junction (FTJ) [Figure
2.3(c)]. The out-of-plane resistance of such devices is dependent on the orientations
of the crystalline unit cells (polarized ferroelectric domains) within the ferroelectric
insulator, tuning the tunneling barrier height and tunneling probability. With a
ferroelectric layer of a few nanometers, quantum-mechanical tunneling becomes
possible, where electrons tunnel through the ferroelectric layer with energy lower
than the barrier height. The ferroelectric polarization of the domains can be tuned
by an external electrical field and remains fixed after the field is removed [48].

Such devices, based on the quantum tunneling effect, demonstrate low write

energy (0.1 pJ) and provide long retention time(~10 years). Their experimental
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performance is limited by the relatively lower switching speed (10 ns [38]), limited
endurance (~ 107) and HRS/LRS resistance ratios (<100) [8].

To clarify, FTJ is different from ferroelectric random access memory (FeRAM)
and ferroelectric field-effect transistor (FeFET'). The three-terminal device FeFET is
formed by replacing the channel material or the gate insulator layer of a transistor
with ferroelectric material to tune the channel conductivity in a non-volatile manner,
while FeRAM is not a memristive device [8]. The dielectric capacitor layer of
DRAM is replaced with a ferroelectric layer in FeRAM to provide non-volatile
data storage.

Magnetic random access memory (MRAM)

Magnetic random access memories, or MRAMs, are widely used as disk memories.
Two magnetic layers separated by an insulator form a magnetic tunnel junction
(MTJ) [Figure 2.3(d)]. One of the magnetic layers has a pinned magnetic state,
while the state of the other layer is free to be changed by external electrical stresses,
enabling the out-of-plane resistance of the MTJ to be reconfigurable.

As a standalone commercial memory, MRAMSs provide excellent endurance

(~ 10%) and robustness to thermal disturbance, at the cost of high writing energy,

low HRS/LRS resistance ratio (~ 2) and complex stacks for scalability [8].

Table 2.1: Performances of commercial stand-alone memories in 2021. Based on [8, 45].

’ Metrics ‘ DRAM ‘ FeRAM ‘ PCM ‘ RRAM ‘ MRAM
Cell area 6 to 8F? 6 to 30F> 4/4L F? 6 to 30 F? 6 to 30 F?
Bits per die 16 GB 8 Mb 256 Gb 8Mb 1Gb
Retention 50 ms >10 years >10 years >10 years >10 years
Endurance ~ 101 ~ 101 ~ 10'2 [45] ~ 107 ~ 10'®
Read/Write time | ~ 10 ns 10 to 100 ns | 10 to 100 ns ~ 100 ns ~ 10 ns
HRS/LRS ratio - <100 >100 >100 ~ 2
Cell energy ~ 10 fJ ~ 0.1 pJ ~ 10 pJ ~0.1 pJ ~ 0.1 pJ
2021 price $0.50/Gb | >$1000/Gb | < $ 0.30/Gb | ~ $ 1000/Gb | $ 40 to 70/Gb

A comparison of the merit figures for these devices is summarized in Figure 2.3(e)

and Table 2.1 ("L" is the number of layers in a three-dimensional configuration, and
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"F" represents the minimum lithography feature size) [8]. In summary, RRAM and
PCM devices exhibit the best overall performance, featuring high HRS/LRS ratio for
multilevel programmability with the highest number of conductance levels and the
largest integration capacity (bits per die), respectively. MRAMs support the best
endurance and lowest stochasticity, but are limited in multilevel programmability;
while the emerging FTJ devices is promising for ultra-low energy switching, but

still requires future efforts to optimize device endurance.

2.1.2 System Implementations

Different designs of NVM-based weight cells have been explored for MVM operations.
Instead of exploiting a single memristive device (1R) as weight elements, connecting
one transistor with one passive memristive device to form the 1T1R design is most
commonly used [Figure 2.5(a)]. The transistor serves as a selector to reduce the
sneak path current and provide more precise control of the conductance of the
memristive device [5, 6]. Multiple memristive devices can also be grouped to form
one weight element, enabling fine tuning of the device precision [49] and allowing
the weights to take on negative values [Figure 2.5(b)].

Given high compatibility with CMOS technologies and multilevel programma-
bility, system implementations [Figure 2.5(c)] based on PCM and RRAM devices
are the most explored.

IBM research groups scale up PCM devices to 34-tile [50] and 64-core [10]
systems with on-chip digital operations and on-chip communications, supporting
up to 35 million configurable weights. End-to-end inference tasks, such as speech
transcription based on Transformer [51] or recurrent neural network transducer
(RNNT) [52] and imagine classification based on ResNet-9 [53], are demonstrated on-
chip with near software-equivalent accuracy, encoding 8-bit input/output precision
through pulse-modulated durations. Up to an energy efficiency of 9.76 TOPS/W

and a throughput of 63.1 TOPS/s were achieved for MVM operations. Energy
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Figure 2.5: Memristive arrays. (a) NVM-based weight cell configurations. Adapted
from [5]. (b) Differential configurations for implementing weights. Adapted from [6]. (c)
Generic NVM-based computing architecture for neural network applications. SFU: special
function units. Reprinted from [5].

efficiency can be further improved with lower communication cost, greater tile usage,
and more efficient digital peripheral circuits [50].

Various research groups in both industry and academia have investigated large-
scale implementations of RRAM-based computing systems, with subareas spanning
from unit cell configuration, delicate peripheral circuit design (ADC, DAC, control
units, interconnects) to architecture and algorithm optimizations [5, 6]. The first
fully hardware-implementated RRAM convolutional neural network (CNN) system
was proposed in 2020 [54]. The system integrated eight 2kb RRAM arrays to support
a b-layer CNN model for MNIST digit image recognition [55] and provided software-
comparable accuracy with advantages in energy efficiency and latency compared
to GPU implementations. Numerous practical neural network applications have
been demonstrated since then. Recent progress has led to RRAM integration up
to 4 MB capacity [56] for larger neural network models, such as ResNet-20 and

ResNet-50 [57], achieving an energy efficiency of 51.4 TOPS/W and total latency
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of 472.71 ps for CIFAR-10 [58] image classifications under an 8-bit input—weight
precision configuration.

Early implementations of MRAM-based in-memory computing have also been
proposed [59, 60], enabling one-shot binary MVM operations with dimensions
up to 128 x 128 and demonstrating classification accuracies equivalent to digital
computations based on the CIFAR-10 and MNIST datasets. The challenges for their
future scaling up include accumulated analogue noise and limited resistance-state
contrast.

According to the available literature, there are not yet large-scale implemen-
tations of FTJ-based in-memory computing due to the lack of device stability
regarding conductance states and endurance [6]. Yet, FeFET-based devices have
emerged as energy-efficient candidates to implement dynamic reconfigurable field
programmable gate arrays [61] and hybrid analog-digital in-memory computing

systems [62].

2.1.3 Figures of Merit

From a system-level perspective, there are some general metrics that are widely
used to compare different computing platforms [5, 6].

The first and most commonly used one is computing density, which describes
how many Tera-Operations are processed Per Second in a unit area with the unit
TOPS/mm?. The second is power efficiency with the TOPS/W unit, or thermal
design power (TDP) for products in the industry. There are also other metrics,
such as precision (bits) for input/weight/output and latency (ns/ps), which are
critical to the performance of practical applications.

Table 2.2 provides a comparison of the above technical routes. Volatile SRAM-
based implementations are included because multi-bit SRAMs can also serve as

analog in-memory computing unit cells in a crossbar array architecture. When
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executing MVM operations, continuous supply voltages provided by the peripheral
circuits are required to retain the SRAM states [63, 64].

The computing density and energy efficiency indicated in the brackets are
normalized to a 1-bit input-weight precision configuration for fair comparison. The
capacity refers to the number of in-memory computing unit s (PCM, RRAM, MRAM
and SRAM cells) integrated in a single chip. Here, PCM-based technology provides
the highest integration capacity (35 Mb [50]), while SRAM-based implementation
offers the best energy efficiency and computing density with smaller integration
capacity, given its compatibility with the most advanced technology node (4 nm
[64]) and higher computing precision. Nevertheless, it is worth noting that even
with a less advanced technology node, RRAM-based implementation has already
provided high energy efficiency comparable to SRAM implementations, showing

great potential for future energy-efficient computing applications.

Table 2.2: State-of-the-art inference demonstrations with in-memory computing

’ Device ‘ PCM ‘ RRAM ‘ MRAM ‘ SRAM ‘
CMOS technology 14 nm 22 nm 22 | 28 nm 16 | 4 nm
Capacity 35 Mb |42 Mb | 4MB|8Mb | 128kb [4Kkb | 4.5 Mb | 54 kb
Operation speed 100 | 400 MHz 200 | - MHz -|11.1 MHz | 0.2 |1.49 GHz
Input/weight /output 8/analog/8 8/8/(24]19) 1/1/4 4/4/8 | 12/12/36
Precision (bit)
Energy efficiency 12.419.76 51.4 ] 21.6 5.1 | 405 121 | 42.4
(TOPS/W) (396.8) | (312.3) | (3290) | (1382) (1936) | (6106)
Computing density - | 1.55 0.284 | 0.01 0.758 | 4.43 2.67 | 33.3
(TOPS/mm?) - | (49.60) (18.18) | (0.64) (42.72) | (4795)
Reference [50] | [10] [56] | [57] [59] | [60] [63] | [64]

There is not yet enough data in the literature to compare the latency for different
technical routes. Two related metrics are commonly referenced in the literature:
the first metric is access time for multiply-and-accumulate (MAC) operations under
certain precision configurations, with example values being 14.4 ns for an 8/8/19-bit
RRAM configuration [57] and 6.6 ns for an 8/8/22-bit SRAM configuration [65].
The other is the inference latency for specific applications ranging from several to

hundreds of us, which depends on neural network structures, such as 1.52 us for the
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PCM-based ResNet-9 network [10] and 472.7 us for larger RRAM-based ResNet-20
network [56]. Non-volatile implementations have the potential to provide lower
latency in real applications compared to SRAM-based volatile implementations,
as the former does not require off-chip weight buffers to hold and continuously

refresh network weights [10].

2.2 Technical Routes for Photonic In-memory
Computing

Although breakthroughs [5] have been observed on the electronic side owing to its
high compatibility with the current manufacturing process, the inherent advantages
[11, 66] of photonics such as bandwidth (parallelism) and low latency, which are

much sought after in data-center applications, herald new opportunities for photonic

computing.
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Figure 2.6: Timeline of advancements in optical and photonic in-memory computing.
Adapted from [67] and modified to include recent developments [19, 51].

A timeline [67] of the advancements in Al-related optical and photonic imple-
mentations is provided in Figure 2.6. The history of optical computing can be traced
back to the last century [68, 69]. However, on-chip computing with light or photonic
computing has emerged only in recent decades, thanks to the rapidly developing
silicon manufacturing technology and the challenges posed by the growing demand of

neural network implementation in the so-called information age. Numerous reviews
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[12, 13, 67, 70-72] have provided insight into the development of this field, and
this section examines several mainstream technical routes for integrated photonic

computing, analyzing their potential applications and current limitations with a

summary of metrics comparison.

2.2.1 Interferometric Mesh Architectures

After several years of exploration into non-von Neumann computing schemes in the
electronics domain for artificial neural network applications, the photonic neural

network (ONN) architecture proposed by Shen et al. [73] has sparked renewed

interest in photonic computing.
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Figure 2.7: Photonic neural network schematic based on an interferometric mesh
architecture. (a) Workflow of the proposed optical neural network (ONN). OIU: optical
inference unit. Reprinted from [73]. (b) Schematic of a phase shifter and its transmission
curve. Adapted from [73]. (c) A layout for implementing matrix-vector multiplication with
in-situ back-propagation and IR monitors. Adapted from [74]. (d) Photonic integrated

circuit (PIC) architecture for an end-to-end, coherent optical processor. Reprinted from
[75].

They chose a deep learning network as their target, multilayer perception
(MLP) in specific, realized photonic linear matrix multiplications and simulated the
nonlinear functions. By integrating 56 programmable Mach-Zehnder interferometers
(MZIs) on-chip to implement the interlayer weights of a 3-layer network, they

completed the vowel recognition task with reasonable accuracy.
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The ONN architecture is illustrated in Figure 2.7(a)-(c). Real-valued matrices
are decomposed into the product of two unitary matrices (U and V) and one
diagonal matrix (¥) using singular value decomposition (SVD)[76], and each optical
interference unit (OIU) can be used to implement one unitary matrix V or the
multiplication result UX. The key elements of the OIU are universal linear optics [77]
based on MZIs. By electrically tuning the thermo-optic phase shifters, the refractive
index of the MZI waveguides changes, providing a phase shift accordingly. The
internal phase shifter (A#) defines the splitting ratio of the MZI while the external
phase shifter (A¢) modulates the differential output phase, enabling arbitrary
multiplication of unitary matrix [Figure 2.7(b)].

Given good compatibility with silicon photonics foundry processes, larger-scale
hardware implementations of ONN up to 64 x 64 have been realized in industry
[78], together with progress in the algorithm and architecture levels. The in-situ
back-propagation method has been experimentally demonstrated in 2023 [74, 79],
with dedicated phase control assisted by real-time infrared (IR) camera monitoring
[Figure 2.7(c)]. This design enables both training and inference functions of neural
networks. The architecture is further improved in 2024 [75], with advances in the
perturb-based forward only training method and on-chip microring modulator-based
programmable nonlinear activation units, demonstrating single-chip implementation
of a fully integrated optical deep neural network [Figure 2.7(d)].

In addition to neural network applications, generic programmable photonics
could also be implemented making use of this design approach with MZIs and
phase shifters, analogous to a field-programmable gate array (FPGA) in electronics.
Instead of utilizing lookup tables as basic cells, the fundamental units of these
optical FPGAs are optical gates (Figure 2.8), as stated in the review by Bogaerts
et al. [80]. These 2x2 optical gates modulate both the output splitting ratio and
the relative phase of the light wave through phase shifters or tunable couplers,

functioning as 'bar’ states, 'cross’ states or mixed partial states [Figure 2.8(b)-(e)].
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Apart from forward-only meshes, recirculating routing function could also be realized
when applying such a modulating method in waveguide loops [Figure 2.8(f)]. These
general-purpose routing designs can be reconfigured as different photonic units (e.g.
ring modulators) for photonic computing systems, and are promising for future
communications, sensing, and broadband analog signal processing [80-82].

The main drawbacks for these programmable MZI designs are their relatively
large footprints (~ 100 pm length or more for one MZI) and thermal crosstalk,
or the challenge of achieving thermal stabilization for phase control. Extensive
efforts have been made to explore the self-calibration scheme [83-85] to mitigate

this difficulty.

2.2.2 Microring Weight Banks

Programmable MZIs are not the initial technical route for implementing photonic
computing on an integrated platform. Earlier designs focused more on programmable
microring resonators (MRRs), which serve as filter banks to modulate multi-

wavelength signals [86-90)].
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The MRR weight-bank-based network node [86] was proposed in 2014 as
an on-chip interconnection protocol [Figure 2.9(a)]. The optical signal is first
coupled to a balanced photodetector (BPD) pair via two MRR, weight banks, which
shape excitatory (positive) and inhibitory (negative) inputs, respectively. Then
the photodetectors convert the optical signals into an electrical weighted sum,
modulating the excitable laser neuron for threshold detection and spike generation.
The output of the laser neuron will be wavelength-division multiplexed (WDM) and
broadcast to other nodes, which completes one the so-called weight-and-broadcast

loop.
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Figure 2.9: MRR weight bank-based Broadcast-and-Weight architecture. (a) Broadcast-
and-weight protocol node. PD: photodetector. Reprinted from [86] (b) Experimental
schematic. MRR: microring resonator; BPD: balanced photodetector; LD: laser diode;
MZM: Mach-Zehnder modulator; WDM: wavelength-division multiplexer. Reprinted from
[91] (c¢) Neural network schematic. Adapted from [92]. (d) Neural network schematic.
Adapted from [93].

This protocol was further improved and experimentally implemented [91, 94].
As shown in Figure 2.9(b), both through and drop ports of the MRRs are used
during the weighting process, thus only one weight bank is required for one node.
The output current of the BPD is converted to electrical voltage, acting as the

modulation input for Mach-Zehnder modulators (MZM) to realize nonlinearity.

24



2. Integrated Phase-Change Optoelectronics for Computing: A Literature Review

A 2-node network has been experimentally demonstrated, and the simulation of
a 24-node network has shown a 294x speedup for solving differential equation
problems over a CPU benchmark. In 2019, a silicon photonic modulator neuron
was proposed and experimentally implemented [92] by replacing the aforementioned
MZM with a ring modulator as in Figure 2.9(c). This design provides more freedom,
utilizing both thermal (heater current bias Ij,) and electrical (modulator current
bias I,) tuning to modify the transfer function of the ring modulator and further
integrating the BPD on the chip. The electrical tuning influences the depth and
quality factor of the resonance peak, while the thermal tuning produces peak shifts
to maintain the desired wavelength of interest. Combined thermal and electrical
parameters enable reconfigurable nonlinearity.

The MRR weight bank has been further combined with a microcomb laser
source [Figure 2.9(d)] to build an integrated processing unit [93]. By programming
the MRR weight banks as 2 x 2 kernel matrices, the processing unit implements
CNNss for image edge detection and digit recognition applications. With a dedicated
calibration procedure and time-wavelength multiplexing, the processing unit achieves
a weight precision of 9 bits and a computing density of 1.04 TOPS mm =2 (17 Gbaud
modulation rate with a photonic core footprint of ~ 0.131 mm?), yet the nonlinear
activation function is implemented on a digital computer.

This kind of MRR weight bank-based designs provides a smaller footprint
compared to MZI-based technical routes, yet large-scale implementations have not
been materialized, owning to the interbank thermal crosstalk and the sensitivity
of the rings that caused weight inaccuracy and poor environmental robustness

91, 92].
2.2.3 Phase-change Photonic Crossbar Arrays

Another design based on phase-change photonics [14, 21, 95-97| shows greater

potential for future scaling. This flexible technical route enables versatile network
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architectures.
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Figure 2.10: Phase-change materials-based photonic devices. (a) Pump-and-probe
scheme for programming phase-change photonic devices. The pump input programs the
material states while the continuous wave (CW) probe light readout the material states
without changing the states. Reprinted from [20]. (b) Phase-change photonic devices for
multiply-and-accumulate (MAC) operations. Adapted from [19].

Thin film phase-change materials are deposited above [18] or within [98] nanopho-
tonic structures, such as waveguides, to form phase-change photonic devices. Optical
modes of the nanophotonic structures couple evanescently to phase-change materials.
Therefore, the state of the material, together with the transmittance of the device,
can be modulated with engineered optical pulses [Figure 2.10(a)]. Taking the input
optical power ("a") and the transmittance of the device ("b") as two factors, and
the output power as the result ("c"), phase-change photonic devices function as
multiplication operators while optical combiners offer an accumulation function
[Figure 2.10(b)]. MVM operations with 5-bit precision have been experimentally
demonstrated [14, 20].

Device-level photonic MAC operations are further expanded to matrix multipli-
cations with a crossbar array configuration [14]. Combining with a multi-wavelength
frequency-comb source [99, 100] and a dedicated directional coupler design for light
splitting, phase-change photonic crossbar arrays materialize the inherent advantage

of photonics in wavelength parallelization to provide high computing density and

bandwidth. In this work, input information is programmed as signal amplitude in
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different wavelength channels by variable optical attenuators (VOA), then couples
into the crossbar core via wavelength division multiplexers (WDMs) and broadband
3D couplers [101], where the multiplications between vectors and matrix occur
[Figure 2.11(a)]. Image processing and digit recognition tasks were demonstrated in
this platform using CNN and it reached a speed of two tera-multiply-accumulate

operations per second (2 TMAC/s or 4 TOPS).
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Figure 2.11: Phase-change materials-based photonic crossbar arrays. (a) Wavelength-
multiplexing with an integrated phase-change photonic computing core. Adapted from
[14]. (b) Photonic computing core with wavelength-multiplexing and RF modulation.

Adapted from [96]. (c) Incoherent scheme for the photonic crossbar array. Adapted from
[97].

The bandwidth advantage of photonics has been further exploited by Dong et al.
[96], which adds a third dimension of freedom through radio-frequency modulation of
photonic signals [Figure 2.11(b)] and demonstrates a two-orders-of-magnitude higher
parallelism. Moreover, with light sources of reduced degree of coherence [Figure
2.11(c)], the interference effects between different physical channels of the crossbar
array can be reduced, further enhancing the computing bandwidth by leveraging

parallelism from both space-multiplexing and wavelength-multiplexing [97].
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The crossbar architecture provides the highest computing density for photonic
computing among all the above-mentioned work, attributing to the small unit cell
size and the freedom to exploit more degrees of parallelism for higher computing
bandwidth. Yet, the challenge in scaling up such crossbar architecture lies in the
limited accuracy of the directional coupler splitting ratio. The larger the array
size, the smaller the minimum coupling ratio, thus the system is more sensitive
to fabrication variations [14, 102]. The power loss of the directional coupler also
begins to dominate the system loss as the array size increases. The scaling potential
of this architecture has been discussed in Li et al., and calculated to support a
maximum matrix dimensions of 494 x 494 [95], bounded by the sensitivity of the

photodetector.
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Figure 2.12: Phase-change materials-based MRR architectures. (a) Phase-change
photonic devices for spiking neural network implementation. Adapted from [21]. (b)
Phase-change photonic devices for correlation detection. Adapted from [22].

Note that along with the crossbar array architecture, phase-change materials
have also been applied to other photonic computing architectures. In addition to
functioning as synapses to weight the input signal, phase-change photonic devices
further realize summation and threshold detection when combined with MRR
structures [21]. The input spikes are implemented with optical pulses at different

wavelengths created from continuous-wave lasers. When the combined power of the
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input spikes is higher than the switching threshold of the phase-change cell on the
sum-up resonator and switches its states, the probe pulse will be transmitted past
the ring resonator and generate an output spike. Depending on how the output of
this sum-up resonator is handled, as feedback spike or input to the next layer, both
unsupervised learning spiking neural network (SNN) and forward neural network are
feasible in this configuration [Figure 2.12]. The summation and threshold detection
feature of the phase transition has been later exploited for correlation detection
applications (i.e., identifying temporal correlations between data streams) [22],
providing high-speed and high-bandwidth advantages compared to conventional
electronic approaches. Early implementations of phase-change material-based phase-
shifters have also been proposed for MZI mesh and routing applications [103-105],

which will be discussed in Section 2.3.2.

2.2.4 Diffractive Neural Network

Diffractive neural networks also reveal versatility in their applications [106-108].
This free space design is similar to previous implementations based on nonlinear
crystal holography [109], which have the much-sought ability to implement millions
of pixel-level weights.

As illustrated in Figure 2.13(a), the amplitude or/and phase of the input wave
are modulated by the complex-valued transmission or reflection coefficient of pixels
in a diffractive layer, akin to the weight and bias modulating the input in a neural
network. This kind of architecture can be used to perform both classification and
imaging tasks while the coefficients were trained in silico (i.e. computer-based
simulations) using error backpropagation [110]. In the earlier design, the diffractive
layers were 3D-printed before the experiments and fixed afterwards, and the detector
arrays were placed on the output plane to receive classification or imaging results

[106].
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Figure 2.13: Schematics for Diffractive Neural Networks (DNN). (a) The first prototype
of all-optical DNN. Adapted from [106]. (b) Reconfigurable diffractive processing unit.
Reprinted from [108]. (c) On-chip diffractive units. Adapted from [111].

This diffractive neural network(D?NN) architecture is further expanded to the
Fourier space by incorporating a dual 2f optical system [107]. With working
wavelengths within the visible range, the Fourier-space diffractive deep neural
network (F-D?NN) provides good performance for video processing tasks such
as detection of salient objects. Moreover, by adding physical nonlinear layers
(photorefractive crystal (SBN: 60)) to perform activation functions, higher accuracy
in classification tasks and better saliency detection performance have been achieved
compared to the real-space D?NN architecture.

One drawback of the previous designs is that the diffractive layer is fixed
after 3D printing, limiting the flexibility of the diffractive neural network. Later
works have offered an alternative method to enable reconfigurability within the
diffractive architecture [108]. Exploiting the digital micromirror device (DMD) as
the input encoder and the phase spatial light modulator (SLM) as the diffractive

weight modulator, the renewed architecture in Figure 2.13(b) has been shown to be
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programmable for versatile neural network structures, including the weight-sharing
convolutional neural network (diffractive network in network or D-NIN-1) and
the diffractive recurrent neural network (D-RNN). With further adaptive training
algorithm that takes the experimental output of the layers into consideration during
the training process, this architecture offers outstanding experimental accuracies
for image classification and video recognition benchmark tasks, though the in-silico
training process is quite demanding for such a large scale neural network. The above-
mentioned diffractive optical analog computing layers are subsequently combined
with electronic analog computing units, providing an end-to-end all-analog solution
for vision tasks [112].

Recent studies have also explored on-chip implementations of diffractive units
[111, 113]. A theoretical work proposed a diffractive graph neural network (DGNN)
to handle graph-structured data, leveraging metalines (slot arrays)-based [114, 115]
diffractive photonic computing units (DPUs). The on-chip diffractive photonic
computing units have since been experimentally implemented, serving as diffractive
encoders and decoders in a distributed computing architecture [Figure 2.13(c)] for
performing classification and versatile content generation tasks [111]. It is worth
noting that though this work claims ultra-high energy efficiency as 160-TOPS/W,
most of the operation counts are attributed to the fixed diffractive encoding and
decoding units (12.59 MFLOPs), while the critical MAC computing operations
(512 FLOPs) performed in the programmable MZI units contribute only a small
portion. To enable a fair comparison, the performance analysis in the benchmark
section (Section 2.2.6) will focus solely on the programmable MAC computing

operations.

2.2.5 Emerging Routes

There are also other emerging technical routes for implementing photonic computing

that cannot be classified as any of the above-mentioned architectures.
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One major technical route is based on time-multiplexed photonic matrix-matrix
multipliers [102, 116, 117]. Instead of fixing matrix weights on the photonic hardware
and modulating optical input signals as input vectors, the time-multiplexed photonic
multiplier computes vector-matrix multiplications on the fly by encoding both inputs
and weights in time as optical signals [Figure 2.14(a)-(b)]. The input signal is
optically fanned out as several copies to be coherently detected alongside the
weight signal by homodyne detectors, providing multiplication products. This
time-multiplexed design circumvents the calibration and device stability challenge
associated with other analog fixed-weight methods and makes use of time-integration
detection to bridge the gap in operating speed between photonics and electron-
ics.
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Figure 2.14: Schematics for time-multiplexed photonic computing. (a) Schematic
of a single layer of homodyne optical neural network. Reprinted from [118]. (b)
Comparison between fixed-weight photonic hardware and time-multiplexed photonic
hardware. Adapted from [102]. (c) Proposed layout for integrated time-multiplexed
photonic matrix-matrix multiplier. Reprinted from [102]. (d) Matrix-vector multiplication
based on time-integrating receivers for edge computing. Adapted from [119].

This time-multiplexed architecture has been implemented in free-space systems
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exploiting vertical-cavity surface-emitting laser (VCSEL) arrays [116] as coherent
sources. Initial explorations with on-chip systems have also been proposed [102]. By
replacing beam splitters with 3 dB directional couplers and employing the crossbar
array architecture [Figure 2.14(c)], integrated unit cells have been experimentally
demonstrated. However, this design requires an additional pair of photodetectors
for coherent detection at each crossing of the crossbar array, which are implemented
by free-space image sensors. The reliance on free-space components limits the
scalability of the integrated system [102, 117]. There are also scalability challenges
that arise from optical losses, phase noise, and the accuracy of the coupler splitting
ratio or power distribution [117].

A comparison of energy and latency performance between the time-multiplexed
architecture and the fixed-weight architecture has been discussed in [102]. When the
input matrix size exceeds the crossbar size, time-multiplexed architectures achieve
lower latency and higher energy efficiency compared to fixed-weight architectures,
attributable to the absence of weight matrix reprogramming. Taking advantage of
time-integrated detections, the time-multiplexed architecture enables a theoretical
energy efficiency of ~ 10 fJ/MAC or > 300 TOPS/W for a 64 x 64 crossbar array
operating at f = 12 G Hz and 5-bit precision [102], while the experimental prototype
operates at 1 kHz with a precision less than 4 bits [102].

Such time-multiplexed architectures can be further extended to support edge
computing applications [119]. In a photonic edge computing architecture called
Netcast, the cloud server optically encodes the weights of deep neural networks in
time and wavelength, and periodically broadcasts the optical weight signals to edge
devices (’clients’) through smart transceivers. Local clients apply input activation
data to related weight signals and perform time-integration operations for each
frequency to calculate the final MAC results [Figure 2.14(d)]. This approach shifts
the resource-hungry weight-training process to the cloud and enables ultra-efficient

inference applications (<1 photon per multiply) at the edge.
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Apart from architectures exploiting time-multiplexing and frequency-multiplexing,
emerging integrated implementations to leverage synthetic frequency (synthetic
frequency modulation enabled by acousto-optic modulators [120] or ring modulators
[121]), multimode [23, 122], and polarization dimensions [16, 123, 124] continue to
push the bandwidth limits of photonic computing.

With respect to applications, other than neural networks, optimization problems
are another area in which photonic computing has been extensively investigated.
Ising machine, the physical system that makes use of the well-known mathematical
model in statistical mechanics, provides a judicious method for solving optimization
problems. The Hamiltonian of a 2-dimensional N-spin Ising model without an
external field could be described as H = — Zf}f Jijo;0;, where Jj; is the coupling
coefficient between spin i and j, while o; and o; indicate their states in +1 or -1
[125]. A large number of optimization problems can be converted into finding the
solution to this kind of equation [126]. When implementing the Ising model in a
physical system with customized coupling coefficients, the minimum energy state
or the ground state of the system intrinsically provides the solution to the target
optimization problem. In recent years, both fiber-based [125, 127, 128] and on-chip
[129-131] implementations have been proposed to solve optimization problems such
as MAX-CUT problems, demonstrating systems with up to 2000 nodes. Higher node
counts have been achieved with SLM-based free-space implementations, supporting
4 x 10* all-to-all coupling spins [132, 133].

In addition to the Ising machine, physics solvers based on metasurfaces [134],
inverse design [135, 136], and reservoir computing [137, 138] are also under extensive

explorations but are beyond the scope of this review.

2.2.6 Figures of Merit

Similarly to the general metrics used for comparing different electrical in-memory

computing platforms, four commonly used metrics are taken into consideration to
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benchmark the main technical routes discussed above for implementing integrated
photonic computing platforms [13, 89, 139]: computing density (TOPS/mm?),
energy efficiency (TOPS/W), latency (ns or ps) and throughput (TOPS).

Here, computing density is the key metric to quantify the trade-off between the
relatively large footprint associated with photonic devices, as compared to electronic
counterparts, and their inherent parallelism advantage (higher TOPS). Latency and
throughput are the two metrics that have the largest impact on the performance
of computing systems in practical applications.

Unlike electrical in-memory computing, where wafer-scale and full-system
implementations are ready, the implementations of integrated photonic in-memory
computing systems are still limited within small-scale arrays (up to 6 x 6 in academia
[75] and 128 x 128 in industry [140]). Thus, the performance benchmarking is more
of scaling performance estimation based on device performance. A comparison of
the aforementioned metrics between different photonic and electronic computing
systems is provided in Figure 2.15 [13].

The integrated photonic computing system is considered to have M input and
N output physical channels, Q parallel input vectors for each channel, working
at an input sampling rate f with fixed 4-bit precision [Figure 2.15(a)-(b)]. Thus,
throughput and latency can be defined as the following: Throughput = 2fMNQ
and Latency = L.ss/c where L.ss represents the effective optical path length and ¢
is the speed of light in vacuum [13]. Without capacitive delay, which undermines
the performance of electrical in-memory computing systems, MZI, MRR, and PCM
crossbar array-based implementations all provide sub-ns latency. Experimentally,
410 ps latency has been achieved for photonic neural network implementations,
consisting of 3 layers of linear multiplications performed by a MZI mesh-based 6 x 6
weight matrix and electro-optical nonlinear operations [75].

For moderate scaling (M = N = 10, Q = 4 and f = 10 GSa s7'), the

throughput of the photonic computing system is limited by the small scale (M,
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Figure 2.15: Scaling performance comparison between different technical routes for
integrated photonic computing. Adapted from [13]. (a) Figure of merit at moderate
scaling: M = N =10, Q =4 and f = 10 GSa s~ !. (b) Figure of merit at future scaling:
M = N =100, Q@ = 16 and f = 50 GSa s~'. Here the latency is calculated for each
MVM operation, and charge accumulation represents the time-integration technical route.
(c) Power consumption and (d) Area consumption of each component at future scaling.
Optical refers to the optical power required to drive photonic processing and the area for
optical sources.

N, and Q) of the computing core. Nevertheless, the power efficiency of photonic
implementations has already surpassed the benchmark electrical chip, Google TPU
v4 [141, 142], with a comparable computing density. With future scaling up of
photonic computing cores to M = N = 100, Q = 16 and f = 50 GSa s~!, there is
potential to further improve energy efficiency and computing density by one order
of magnitude. Importantly, electrical components (transmitter, weight holding,
ADC and receiver) contribute a larger portion to power and area breakdowns of the

photonic computing system than optical components (optical sources, (DE)MUX
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and processor) [Figure 2.15(c)-(d)]. Analog-digital conversions, which dominate the
power and area consumption of electrical peripheral circuits are thus the bottleneck
for both electrical [6] and photonic in-memory computing systems.

It is worth noting that the performance comparisons discussed in this section
and Section 2.1.3 are mainly about the inference of neural network applications,
or more specifically the programmable MAC computing operations. The other
important phase, training or learning phase of neural network applications, still
lacks a clear benchmark for comparing different distinct training methods. Moreover,
for most photonic computing implementations, the training phase still relies on
digital computers (in silico). From a device perspective, the refreshing rate and
programming energy are two typical metrics to describe the performance for the
training phase. Less explored metrics, such as cascadability, are also important

for future scaling and practical applications.

2.3 The Need for Integrated Optoelectronics

Photonic computing systems offer new opportunities to enhance computing perfor-
mance, particularly in terms of low latency, high bandwidth, and energy-efficient
passive transmission. Notwithstanding, optoelectronics are still indispensable for
practical photonic computing applications, since nonlinear functions and general-
purpose computing for data storage, retrieval, weight training, and system control
are still dominated by conventional digital computers. The performance of such
OE/EOQO conversion components (e.g. bandwidth, conversion efficiency, precisions)
predominantly determines the performance (e.g. speed, energy efficiency, signal-to-
noise ratio) of the overall photonic computing system.

This section will focus on reviewing key optoelectronic components of the inte-
grated photonic computing system, especially on a silicon platform, and analyzing

the challenges and possibilities for future optimization.
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2.3.1 Volatile Optoelectronics

One type of prevalent optoelectronic device for electrical-to-optical conversion is the
integrated optical modulator, which has been commonly used in technical routes
based on coherent nanophotonics and microring weight banks [73, 75, 92, 93]. With
these devices, electrical signals modulate the amplitude, phase, or polarization of
input light signals, and in some cases the weights of the neural network.

An early review has surveyed silicon-based optical modulators [143]. Given
the absence of second-order nonlinearities in centrosymmetric silicon crystals [144],
silicon-based electro-optical modulators primarily employed either slow thermal-
optic effect [145] or carrier-related principles, such as carrier accumulation, carrier
injection, and carrier depletion. Among them, an operating speed exceeding
40 Gbit s~! has been demonstrated for carrier-depletion-based modulators [146].
Alternatively, heterogeneous integration with other materials pushes forward the
performance of silicon modulators. Commercialized SiGe-based electro-absorption
modulators (EAM) have exploited the configurable electro-absorption coefficient of
germanium (Ge) and achieved a 3dB bandwidth beyond 50 GHz [147]. Moreover,
recent progress in the integration of silicon platforms with emerging materials, such
as lithium niobate, offers promising metrics, supporting > 100 Gbit s~! data rates,
70 GHz bandwidth, and 2.5-dB insertion loss [148, 149].

In addition to modulators, optoelectronic components are also critical for post-
processing. Instead of end-to-end systems processing optical signals only, most of the
technical routes mentioned above rely on bench-top photodetectors to convert the
output light intensity into electrical signals for detection. On-chip photodetectors
provide a better signal-to-noise ratio, and thus lower energy consumption for
integrated photonic computing architecture.

The widely used on-chip photodetectors are based on waveguide-integrated

germanium photodiodes [75, 92, 150]. Emerging routes include heterogeneous

38



2. Integrated Phase-Change Optoelectronics for Computing: A Literature Review

integration with 2D [151] or quasi-2D (e.g. tellurium [152]) materials, providing
high-speed (>40 GHz), ultra-wide bandwidth (from visible to short-wave infrared)

detection.

2.3.2 Phase-Change Optoelectronics

Combined with photonic structures, non-volatile materials, such as phase-change
materials, enable energy-efficient implementations and novel applications for op-

toelectronic devices.
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Figure 2.16: Phase-change material-based free-space optoelectronics. (a)-(b) A layered
structure comprising thin-film materials, ITO/GST/ITO, with different GST thicknesses
(t) and states showing different reflected colors. Adapted from [153]. (c¢) Crossbar phase-
change devices for photo-response measurements. Reprinted from [154]. (d) Device
schematic for polarization-selective switching. Reprinted from [16]. (e)-(f) Mixed-mode
behavior of a phase-change device for solving navigation tasks. Without light illumination,
electrical pulses cannot trigger a switching event. The rodent in the maze learns the
correct route from the initial position to the cheese reward through reinforcement learning,
with phase-change devices emulating the learned weights (in ©S). Adapted from [155].

Early implementations are mostly based on devices with free-space light configu-
rations. Electrical pulses applied to electrodes via electrical probes [153] or thermal

heaters [156] induce phase transitions of the thin-film phase change material, thus
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modulating the reflection or transmission of the devices [Figure 2.16(a)]. Such
structures offer reconfigurable display colors [Figure 2.16(b)], and provide an effective
approach to implement the reconfigurable coating layer for smart windows, which can
adjust the reflection of solar radiation in different seasons while maintaining visible
transmission [156]. When designed as microstructures, namely active metasurfaces,
phase-change materials can be electrically programmed for versatile functions, such
as tunable filters, lenses, and beam-steering devices [157].

Similarly, light illumination on phase-change devices can also modulate their
electrical properties [Figure 2.16 (c)-(d)]. Apart from phase-dependent photo-
detection behaviors [154], where the electrical current detects the light intensity,
multiple dimensions of light properties, such as polarization [16], can also be
reflected in the electrical readouts of phase change devices. Combining the two
modulation factors, light illumination and electrical pulses, phase change devices
can be configured as more complicated bio-inspired components, such as multi-factor
learning units [155]. With light and electrical triggers indicating eligibility and
rewards in a reinforcement learning process, coexistence of both triggers programs
the phase-change devices to dedicated weights which reveal the correct solution
in a navigation task [Figure 2.16 (e)-(f)].

On the contrary, it is only recently that integrated electro-optical phase-change
devices have been proposed [103-105, 158-162], given the challenge of size mismatch
between integrated electrical and optical phase-change devices as discussed in
Section 1.1.2.

An approach to addressing this problem is to enhance light-matter interactions
at the nanometer scale, such as exploiting plasmonic structures [158, 159]. By
placing the gold electrodes closely (with a nanogap of tens of nanometers) on a
Siz;N, photonic platform, the strong field confinement of the metal-insulator-metal
(MIM) structure enables dual electrical-optical functionality, i.e. programming and

reading of the devices in both electrical and optical domains [Figure 2.17 (a)-(b)].
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Figure 2.17: Integrated Phase-Change Optoelectronics. (a) Schematic for plasmonic
nanogap phase-change devices. Adapted from [158]. (b) Schematic for plasmonic phase-
change nanoheater devices. The electrical heating pathway and the readout pathway are
separated to achieve larger switching volume. Reprinted from [159]. (c) Micro-heater
based photonic-electronic dot-product engine. Adapted from [160]. (d) SbySes-based
phase-change phase shifter using a doped-silicon micro-heater. Reprinted from [105]. (e)
Graphene-assisted phase-change phase shifter. Reprinted from [162] (f) 2 x 2 programmable
unit based on GST. Reprinted from [103].

This design has demonstrated energy consumption in the range of tens of picojoules
for both electrical and optical programming at a highly compact device scale (active
area of 100 nm x 50 nm). This is a very promising approach to construct unit
cells for energy-efficient electro-optical computing systems, yet the high insertion
loss (~ 10 dB) and stringent requirements for fabrication and alignment process
pose challenges for future scaling.

Alternatively, another recently emerged approach combines external heaters
with silicon waveguides [Figure 2.17 (c)-(e)]. Dedicated heater designs exploit
various materials such as doped silicon [103-105, 160, 161] and graphene [162] to
provide uniform Joule heating for phase change materials deposited above, allowing
effective electrical switching for large volumes. This approach shows advantages
in scalability. It can be CMOS compatible and scaled up to implement practical
computing tasks such as imaging processing and recognition [160]. On the other

hand, dual electrical-optical functionality has not been achieved in these devices
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because their electrical readouts are independent of the phase-change material state.
These devices also require larger footprints (several to hundreds of pm per unit cell)
and higher electrical switching energy (several to tens of nJ) [103-105, 160-162].
Aside from acting as weight banks in a photonic computing core, heater-based
phase-change photonic devices can also function as non-volatile tunable couplers
and phase shifters [Figure 2.17 (f)], paving the way for energy-efficient low-loss

optical interconnect systems [103, 105, 163, 164].

42



Techniques and Methods

Contents

3.1 Basic Photonic Structures . ... ... ... ....... 43
Dielectric Waveguides . . . . . . ... ... ... .. .. 44

3.1.2 Grating Couplers . . . . . .. ... ... 47
3.1.3 Plasmonic Waveguides . . . . . ... .. ... ... ... 48

3.2 Fabrication Techniques . . ... ... ... ........ 52
Alignment markers and exposure resolution . . . . . . . 54

3.2.2 Photonic Layer . . . . ... ... .. oL 55
3.2.3 Electronics Layer . . . . . . ... ... ... ... ... 56
3.2.4 Phase-change material layer . . . . . .. ... ... ... 57

3.3 Experimental Setups . ... ... ............. 59
The sample stage . . . . . . ... ... ... ... 59

3.3.2 Optical measurement setup . . . . . .. ... ... ... 60
3.3.3 Electrical measurement setup . . . . . . ... ... ... 64

This chapter introduces the theory, general fabrication process, and measurement

setups for photonic phase-change devices.

3.1 Basic Photonic Structures

A typical silicon photonic phase-change device consists of several commonly employed

elements, including grating couplers to couple light from off-chip fibers to on-chip

waveguides, dielectric waveguides to propagate light signals, and dielectric or

plasmonic waveguides for interaction with phase-change materials to modulate light

signals. This section introduces the theory behind these components.
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3.1.1 Dielectric Waveguides

The function of dielectric waveguides in photonics is similar to that of electrical
wires in integrated electrical circuits. Waveguides connect different functional
units, with their material composition and geometry defining the light propagation
property. The theoretical concepts presented in this section have been derived
from [165].

The working principle of waveguides is similar to that of optical fibers, with
both components guiding light through total internal reflection (TIR). Waveguides
are usually made up of two types of materials, namely the core (with a refractive
index of ny) and the cladding (ny and ng or more), where the refractive index of

the core is higher than the cladding (ny > ng,ns).

(@)

Cladding n, fons <{%/ n,
Core n4 B Y
X Cladding n, n;

Z
y
Figure 3.1: Schematic of a planar waveguide, extending infinitely in Z and ¢ direction
and confined in Z direction with a thickness of 2a. (a) Schematic of a planar waveguide.

Inset: index profile (n(x)) of the different dielectric layers. (b) Light rays in the planar
waveguide, indicating the propagation angle 6; and propagation constant (.

Firstly, a simple planar waveguide is considered [Figure 3.1(a)]. The electric
(E) and magnetic (H) fields of propagating modes in the waveguide can be derived
from Maxwell’s equations. For a source-free, linear, isotropic dielectric waveguide,

Maxwell’s equations can be written as follows:

OH
E=— =
V X Hok—
E
Vtzsgsa—
ot (3.1)
V-E=0
V-H=0
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where 1, and gy represent the magnetic permeability and electric permittivity in
vacuum, respectively. Relative permeability @ = 1 in the non-magnetic dielectric
medium, and relative permittivity e, also known as the dielectric constant, can be
expressed as ¢ = n? (1 = 1,2,3) for lossless dielectrics.

Assuming that the light wave, with time-harmonic fields, propagates in the
z-direction, a plane wave solution for the fields can be expressed as the following
form:

E(z,y, z,t) = B(z,y)e? @52

| 32
H(x,y,z,t) = H(x, y)e](m_ﬁz)

where = 2mn.ss /A = 2mnysinfy /X is the propagation constant of the wave, with
6, being the light propagation angle with respect to the x axis [Figure 3.1(b)] and
A the wavelength in the vacuum.

Since the planar waveguide structure is infinite in the g direction and is only
confined in the & direction, the electrical field is invariant in ¢, i.e. 0E/Jy = 0 and
OH /0y = 0. Applying this condition to equations (3.1)-(3.2), the components of

the electric and magnetic field can be obtained as follows:

jﬁEy = _jw#OHx jﬁHy = ngon?Ex
, OF, , _ 0H, ,
—JBE — = = —jopty,  —jBH, = —= = jweon}E, (3.3)
OF, 0H,
— = _jwﬂOHz — = jwe?o”?Ez
ox ox

The equations can be further rearranged:

. 0L, . OH,
(k* — BB, = —j83 (k* = B H, = —j83
. OH, , OF, :
(k* — B2 E, = jwpug o (k* — %) H, = —]Wf‘?on?%

where k? = w?ppeon? = k2n? (i = 1,2,3,ky = 2m/\).
The wave equations of two independent electromagnetic modes of particular
interest can be derived from equations (3.3)-(3.4), denoted as transverse electric

(TE) mode and transverse magnetic (TM) mode, respectively:
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O*E,
0x?

where £, = 0, thus £, = H, = 0.

+ (kgni — B*)E, = 0 (TE mode) (3.5)

0*H,
0x?

where H, = 0, thus H, = E, = 0.

+ (kgn? — B*)H, = 0 (T M mode) (3.6)

To support guided modes, for which the fields are confined in the core and
exponentially decay in the cladding, the condition kgnt > 5% = kgn2;, > kin? (i =
2,3) must be fulfilled. In addition, the boundary conditions require that both
the electric field (E,(x)) and its derivative (OE,(x)/0x) are continuous at the
boundaries (x = =+a), providing discrete solutions for the effective index (n.yy).
Under these conditions, equations (3.5)-(3.6) can be solved to compute the field
distributions in the waveguide.

(a) (c)

. Ny
n
\_____.--‘________. n, I Calculaten,ﬂ‘m" t n": 1I. Calculate Nt h'

Silicon

(b) Sio W
i W
= ?li h t M, full

III. Calculate Nyy2pug

Figure 3.2: Geometries of 2D waveguides based on silicon-on-insulator substrates. (a)
Rib waveguides (with a partially-etched silicon layer). (b) Ridge/slab waveguides. (c)
Using effective index method (EIM) to decouple the 2D geometry of a rib waveguide into
horizontal planar waveguides (steps I and II) and one vertical planar waveguide (step
III). The effective indices calculated in the horizontal planar waveguides are used as the
updated refractive indices to calculate the effective index of the vertical planar waveguide
in step III, providing an approximate value for the effective index of the rib-waveguide.

Confining the modes in both & and g forms 2D waveguide geometries. The

most commonly used are rib and ridge/slab waveguides [Figure 3.2(a)-(b)]. Specifi-
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cally, waveguides based on silicon-on-insulator substrates have been used in this
thesis.

With the refractive index and thus the electrical fields varying along both
directions, the analytical solutions mentioned above are no longer applicable. An
approximate solution can be obtained from the effective index method (EIM)[166].
By decoupling the two-dimensional geometry into several vertical and horizontal
planar waveguides, the effective index can be calculated first in one direction and
used as an updated refractive index for the next calculation [Figure 3.2(c)]. However,
this approximate method can become complicated and inaccurate with complex
geometries.

Therefore, numerical methods are exploited to calculate the mode profile in this

thesis, using an Ansys Lumerical or COMSOL multiphysics mode solver.

3.1.2 Grating Couplers

Edge couplers and grating couplers [167] are two commonly used forms to couple
light from optical fibers to on-chip waveguides. Edge coupling provides high coupling
efficiency and broadband bandwidth; however, the accessibility of the devices is
physically limited to the edge of the chip. To facilitate access in experiments,
grating couplers are employed in this thesis.

Figure 3.3(a) illustrates the cross-sectional schematic of a grating coupler. It
consists of a tailored periodic array of partially etched grating structures to diffract
the off-plane light to the waveguide propagation direction, or vice versa. According
to the Bragg condition [168], the following phase matching equation must be
satisfied to add the diffracted light (n;kgsind;) constructively along the waveguide
propagation direction (5 = 2mnesr/\):

2mm

p

where m is the diffraction order.
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Figure 3.3: Schematic of grating couplers. (a) Cross-sectional schematic of a uniform
grating coupler. #;: incident angle; np,ng: effective index of the uneteched tooth and
etched trench, respectively. (b) Top view optical microscope image of a patterned apodised
grating coupler. The fill factor transitions from a lower value at the bottom to a higher
value at the top along the Z axis.

Thus, considering air as the top cladding layer(n; = 1), and taking m = 1 (first
diffraction order), the period of the grating (p) is given by
A

A — 3.8
p Nefr — sinb; (3.8)

where n.rr = ff-no+(1—ff)-ng (fill factor (f f)=t/p) for uniform gratings.

In this thesis, apodised grating couplers [169] (specifically grating couplers
with gradually varying fill factors) have been used to improve coupling efficiency
[Figure 3.3(b)], and the incident angle is chosen as an optimum angle of §; = 8°
[166]. For future work, emerging topological light-guiding technologies [170] and 3D
couplers [101] can be further exploited to enhance coupling efficiency and expand

coupling bandwidth.

3.1.3 Plasmonic Waveguides

As discussed in Section 1.1.2 and Section 2.3.2, the size of dielectric waveguides
(hundreds of nanometers to several micrometers) is larger than that of electronic
devices. To address the size-mismatch challenge for integrated optoelectronics,

plasmonic waveguides provide a compact solution by enabling highly confined
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modes [158, 159]. In this section, the operating principles of plasmonic waveguides
are introduced, with the theoretical concepts derived from [171].

The optical properties of metals are largely determined by the behavior of their
free electrons. With an external field E, free electrons can be treated as oscillators
driven by the electric field and damped through collisions. The equation of motion

for free electrons can be expressed as:

m—— +my— = —eE (3.9)

where e and m are the charge and the effective optical mass of each electron,

respectively, and v = 1/7 (typically ~ 100 THz at room temperature) is the collision

frequency with 7 known as the relaxation time of the free electron gas.
Assuming a time-harmonic driving field E(t) = Eye™**, a time-harmonic solution

r(t) to describe the displacement of the electrons can be solved as:

t) = ———Ege 3.10
r(t) w? + iyw 0¢ ( )

Taking into account the density of the electrons (), the macroscopic polarization

P is then given by

Ne?/m

P = —Ner =— :
w? 4+ iyw

(3.11)

Meanwhile, the electric displacement field (D) in linear, isotropic media can

be described as:

D =¢E +P =¢cE (3.12)

Combining equations 3.11 and 3.12, the frequency-dependent dielectric function
(also known as the Drude model) to describe the dispersive properties of metals

is obtained as:
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2 2
— M =1 “p (3.13)

W tivw W iyw

e(w) =

where w, = \/Ne?/eym is the plasma frequency. The complex dielectric function
g(w) = e1(w) + iea(w) can be further rearranged to derive the real and imaginary

components:

w2

51(w):1— 3 P
w? + 2
. . (3.14)
T iy

Considering a metal-dielectric interface, the electromagnetic fields can be coupled
to the oscillations of conduction electrons and excite electromagnetic surface waves,
also known as surface plasmon polaritons (SPP), which propagate along the interface
and are evanescently confined in the perpendicular direction. The simple geometry
of a flat interface between a dielectric half-space (x > 0) and a metal half-space

(x < 0) is shown in Figure 3.4(a).

(a) (b) X

kxd
Dielectric T He €4
. x=0 N E.d

Figure 3.4: Surface plasmon polaritons (SPP) propagates along a metal-dielectric
interface. (a) Geometry of a metal-dielectric interface. The SPP surface wave propagates
along the Z direction. k.4 and k.., are x components of the wave vector in the dielectric
and metal space, respectively. The TM mode exists with the magnetic field H in the ¢
direction. (b) Electrical field distribution along the x axis of a TM mode.

The electric and magnetic field distribution of both planes in the form of
E(z,y, 2) = E(y)et*=%e=3% and H(x, y, z) = H(y)e™**"e=7%* can be solved following

the same procedure as in Section 3.1.1, using equation sets 3.3 and 3.6. The TM
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mode profile is graphically shown in Figure 3.4(b), with the dispersion relation
obtained as :

EmEd W | EmEd kea — €a

_Sm=a 3.15
Em + €4 c\ e+ €y Kom Em) ( )

The field decays exponentially away from the interface, with decay lengths
dg = 1/|kza| (~ N/2) and §,, = 1/|kzm| in the dielectric and metal domains,
respectively. The propagation (attenuation) length of the mode is defined as
5, = (28”)~! with 8” being the imaginary component of the propagation constant.
For plasmonic modes, long propagation length and strong field confinements are
preferred, thus §,/d, is the key metric for plasmonic devices.

The above metal-dielectric interface can be extended to form infinite multilayer
metal-dielectric-metal waveguides [Figure 3.5(a)] where the above analysis is still
applicable. The modes of the two interfaces interact when the width of the core
material (2a) is smaller than the decay length (d,4). In this thesis, the plasmonic
waveguide structure is designed with more complex geometries, thus numerical
simulations are exploited to solve the field distribution. Simulated mode profiles
of a metal-air-metal structure on a SiO, substrate are presented in Figure 3.5(b),

where smaller dielectric gap provides stronger field enhancement.
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Figure 3.5: Plasmonic modes of metal-dielectric-metal waveguides. (a) Geometry of
an infinite multilayer metal-dielectric-metal waveguide. (b) Simulated mode profiles (via
a Lumerical mode solver) for plasmonic nanogap structures on a SiO, substrate. The
thickness of the Au is 75 nm.
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3.2 Fabrication Techniques

In this thesis, device fabrication starts with diced 10 x 10 mm? chips on silicon-on-
insulator (SOI) substrates. Specifically, the substrate consists of a 220-nm thick

silicon layer above a 3-pm buried oxide.
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Figure 3.6: Overview of the layout used for fabrication. (a) Overview of the layout used
for fabrication. Scale bar: 500 um. (b) Zoom-in layout for a device. Scale bar: 50 pum.
(c) Optical microscope image of a device. Scale bar: 50 pm.

The phase-change optoelectronic device fabrication includes steps corresponding
to four main layers [Figure 3.6]: alignment markers, electrical circuits (contact
electrodes), nanophotonic circuits (waveguides and grating couplers) and phase-
change materials. For each layer, the layout is first designed using python with
the open source gdshelpers package, then exported as a GDS-IT CAD file for later

electron beam lithography (EBL) fabrication steps.
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The EBL process exploited in this thesis has been optimized by previous

group members. The general fabrication steps for each lithography layer are

as follows:

(1)

Clean and preheating. Clean the chip by sequential immersion in acetone
and isopropyl alcohol (IPA) for 5 minutes each. Ultrasonic agitation is applied
for the first layer but is omitted for the subsequent layers to avoid damaging
the fabricated patterns. The chip is then dried using a nitrogen gas flow.
Afterwards, the chip is preheated on the hot plate and then treated with a

low-power oxygen plasma to improve adhesion during photoresist coating.

Photoresist spin-coating. EBL photoresist is spun on the chip, followed
by a soft-bake step. The choice of photoresist depends on the resolution
requirements and related deposition/etching steps for each layer. A single
layer positive resist AR-P 6200 (CSAR 62) is used for most layers, requiring
45 second spin coating at 4000 rpm and then 3 minutes of soft baking at
150 °C. Bilayer positive resist PMMA (polymethyl methacrylate) is used for
phase-change materials deposition and detailed recipes will be discussed in

Section 3.2.4.

EBL exposure. The spin-coated chip is then exposed using a 50 kV EBL
system (JEOL JBX5500) at 100 pA with a dose of 180 uC'/cm? for CSAR 62
or 700 uC'/em? for PMMA.

Development. The exposed chip is then developed following a development
process in accordance with the specific photoresist. Chips coated with CSAR-
62 are developed in AR 600-546, methyl isobutyl ketone (MIBK) and IPA
in sequence for 30 seconds, 15 seconds, and 15 seconds, respectively. The

developed chip is then dried with a nitrogen gas blow.
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(5) After inspection using an optical microscope, the dried chips are ready for the

corresponding deposition or etching steps for each layer.

The design and fabrication considerations for each layer are discussed in the

following subsections.

3.2.1 Alignment markers and exposure resolution

To improve the alignment accuracy of different layers, a two-step alignment process
is followed with two types of alignment markers: global markers for chip-level

alignment and local markers for device-level alignment.
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Figure 3.7: The layout of alignment markers. The units for the marker coordinates are
wm. (a) The layout of global markers for chip-level alignment. The markers are designed
with a length of 225 um and a width of 7.5 um. (b) The layout of local markers for
device-level alignment. The markers are designed with a length of 25 um and a width of
1 um. (c) The process flow for depositing gold alignment markers. (d) SEM image for a
contamination dot burnt by the focused electron beam.
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Figure 3.7(a)-(b) present the layout of these two types of alignment markers.
During the chip-level alignment step, a pair of global markers is selected for detection

to update the chip position in the EBL coordinate system and to correct rotational
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deviation. The device-level alignment is then performed for each device by detecting
one of the local markers. The positions of the local markers are designed to fit
within the same writing field (100 x 100 um?) of the critical device feature, such
as plasmonic nanogaps and phase-change material constrictions, to avoid stage
movements between marker detection and pattern exposure.

The fabrication process flow of the alignment markers is illustrated in Figure
3.7(c). After the aforementioned EBL exposure and development process, a 5 nm
Cr adhesion layer and 75 nm Au are deposited on the chip by thermal evaporation.
The chip then undergoes overnight lift-off in the heated remover (MICROPOSIT
remover 1165).

It is worth noting that during the later phase of the DPhil, the EBL auto-focus
system was malfunctioning, thus a manual focusing process was required. After
the normal calibration process, the focus and astigmatism of the electron beam
were manually adjusted, and contamination dots were utilized for final optimization
before exposure. By focusing the electron beam on the chip slightly away from the
device area for around 10 s, a bright round contamination dot can be created if the
calibration condition is well optimized. An example dot with a radius of 25 nm is

shown in Figure 3.7 (d), indicating a good exposure resolution.

3.2.2 Photonic Layer

To fabricate the layer of photonic circuits (waveguides, grating couplers, mode
converters, and crossing structures), a reactive ion etching (RIE) step is required
after the EBL exposure and development steps.

The fabrication process flow of the photonic layer is illustrated in Figure 3.8.
During the RIE step, the 220-nm silicon layer is half-etched with a patterned
photoresist (CSAR-62) mask. A mixture of 40 sccm CHj and 15 scem SFy is used
with 100 W RF power for 70 seconds to achieve an etch depth of 110 nm. The

remaining photoresist is then removed by immersing the chip in the heated remover
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(MICROPOSIT remover 1165) for ~ 10 min. Finally, the chip is cleaned with

acetone and IPA, and then dried with a nitrogen gas blow.

Exposure
Preheated clean chip Spin coating photoresist Development RIE Lift off

. e @ M e
Si SO, Photoresist

Figure 3.8: Fabrication process of the photonic layer.

It is worth noting that the photoresist mask is also etched during the RIE process,
depending on the selective ratio. Thus, the thickness of the photoresist should also
be taken into consideration when choosing appropriate photoresist for longer etching
time. For fully etching steps exploited in the fabrication process of plasmonic devices
(Sections 4.2 and 4.3.3), double layer CSAR 62 is used as the photoresist mask to
ensure that the mask remains functional for the entire etching process. During
the spin-coating process, the first layer CSAR is spin-coated and soft-baked for 1
minute before the spin-coating and 3-minute soft baking of the second layer. Other

steps remain the same for the EBL exposure and development process.

3.2.3 Electronics Layer

The fabrication process of the electronics layer is similar to that of the alignment
markers (Figures 3.7(c) and 3.9). A thermal evaporation step is exploited to deposit
gold contacts or pads after the EBL exposure and development process, followed

by a lift-off step.

Exposure
Preheated clean chip Spin coating photoresist Development Thermal evaporation Lift off

Si SO, Photoresist Au

Figure 3.9: Fabrication process of the electronics layer.

The fabrication sequence of the photonic layer and the electronics layer depends

on the specific requirements of different projects. For the plasmonic project (Section
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4.2), the fabrication process of the Au contacts is combined with that of the
alignment markers, circumventing unnecessary alignment deviations. Moreover, to
fulfill the high-resolution requirements of plasmonic contacts while balancing the
time efficiency of patterning masks for large gold pads (over 100 x 100 pum?), the
process indicated in Figure 3.9 is carried out twice to fabricate the small contacts
and large gold pads separately. The photoresist mask for gold pads is defined
through EBL exposure at 10 nA with a larger writing field of 1000 x 1000 gzm?. The
deposition thickness of the gold pads is designed to be thicker (220 nm after a 5 nm
Cr adhesion layer) to ensure good contact. Accordingly, a double-layer photoresist
is used during the fabrication process to facilitate lift-off. The fabrication process
for the waveguides takes place afterward.

For constriction devices (Section 5.3.2), the fabrication process for the electronics
layer is performed after the photonic layer, with an electrical isolation layer of AlO,
deposited between the two layers. The AlO, layer is deposited via atomic layer
deposition (ALD, Savannah S200) without photoresist masks. Two precursors,
Al(CH;)4(g) and H,O(g), are alternatively pumped as 15 ms pulses with 20-s
intervals at 150 °C. 50 cycles of such alternative pumping are exploited to achieve

a deposition thickness of ~ 5 nm.

3.2.4 Phase-change material layer

As explained in Section 2.1 and Section 2.2.3, the states of the phase-change material
is closely related to the temperature change. Thus, the layer of phase-change material
is always fabricated as the last step to avoid unintended temperature perturbation
and preserve the material properties before measurements.

Figure 3.10 illustrates the fabrication process of the phase-change material layer.
The phase-change material is deposited via RF magnetron sputtering, defined by
a bilayer PMMA photoresist mask. Both layers of the PMMA photoresist are

spin-coated at 6000 rpm for 1 minute and then soft-baked at 180 °C for 10 minutes.
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After EBL exposure, the chip is developed in a solution with a 1:3 ratio of MIBK
and IPA for 1 minute and IPA for 30 seconds, then dried with a nitrogen gas
blow. The resolution difference between the two PMMA layers creates an undercut

(reverse T-shape) photoresist profile, which facilitates clean material removal during

lift-off.

Exposure
Preheated clean chip Spin coating photoresist Development Sputtering Lift off
| | ] I

I N .
Si [ Gl PMMA 495K A6 FEEEPMMA 950K A3 Phase-change Materials

Figure 3.10: Fabrication process of the phase-change materials layer. PMMA: polymethyl
methacrylate; 495K and 950K are the molecular weight of the polymeric material; A6
and A3 represent 6% and 3% dilution of PMMA in Anisole, respectively.

Two RF sputtering systems, from Nordiko and AJA International Inc, have been
used during the DPhil period. The former system with a direct deposition source
is preferred for the high aspect ratio structures exploited in the plasmonic project.
However, it broke down. Therefore, most of the sputtering process for this thesis has
been carried out with the AJA system. The AJA system is equipped with confocal
sources, thus during the sputtering process, the sample is fixed towards the outer
edge of the sample holder close to the source to improve the working angle.

A light cleaning step using RF bias plasma (100 W RF for 1 min at 10 mTorr
chamber pressure), also known as back-sputtering, is performed before sputtering
to ensure good contact between the deposited material and the substrate. A phase-
change material, specifically Ge,Sh,Te;, is deposited with 30 W RF power at 3
mTorr chamber pressure. Next, a capping layer of ZnS—SiO, is deposited to avoid
oxidation of the phase-change material, with 50 W RF power at 3 mTorr chamber
pressure. Afterwards, the deposited sample is lifted off by immersion in heated

acetone for around 3 hours.
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3.3 Experimental Setups

This section introduces the sample stage and two experimental setups customized
for optical programming and electrical programming, respectively. The details of

the key equipment are also added to each section.

3.3.1 The sample stage

An optical image of the sample stage is presented in Figure 3.11. Electrical signals
are sent and received through high-speed RF probes (Model 40A, GGB) contacting
the pads of the devices, while optical signals are coupled to the grating couplers

of the device through multi-channel fiber arrays.

8 (b)

Figure 3.11: Optical images of the sample stage (a) with a zoom-in image (b) of the RF
probes and fiber arrays.

Three positioning stages (from Thorlabs and OptoSigma) are used to align the
RF probe, sample, and fiber arrays in the X, Y, and Z (height) directions with

micrometer precision. Rotation stages are mounted on the translation stages to

59



3. Techniques and Methods

correct rotational misalignment between the sample and the fiber array. A lateral
camera and an overhead microscope system (a CCD camera from Thorlabs with
a zoom lens system from Navitar) are used to provide visual feedback during the

alignment process.

3.3.2 Optical measurement setup

Figure 3.12 illustrates the pump-probe setup [18] for optical programming with
both electrical and optical readouts.

For simple transmission measurements, only the probe line (blue pathway) is
required, with a probe laser, a polarizer before the device, a photodetector, and

the data acquisition equipment.
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Figure 3.12: Optical switching setup with both electrical and optical readouts. SMU:
source measure unit; PD: photodetector; EOM: electro-optical modulator; EDFA: erbium-
doped fiber amplifier. Inset: optical image of a device (green: waveguide layer; gold:
electrical pads).

To add programming functionality, a pump line (red pathway) is required. The
pump laser was modulated with a function generator controlled electro-optical
modulator (EOM) to send programming pulses. Pump pulses were amplified by an
erbium-doped fiber amplifier (EDFA) before being coupled to the device. A probe
laser was employed to monitor the device transmission continuously. Circulators
and filters were used to separate the pump and probe signals and filter out the

EDFA noise after amplification. The optical signals were detected by photodetectors
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then collected by data acquisition (DAQ) units. The electrical voltage and current
are supplied and measured by a source meter unit (SMU), then collected by the
DAQ units.

Lasers

A continuous wave (CW) tunable laser, Santec TSL-570, has been employed
as the probe laser to monitor the broadband response of the photonic devices
in the range of 1500-1630 nm (C-L band). The Santec laser supports a fast
wavelength sweep speed of up to 100 nm/s and can be tuned by LabVIEW
programs developed by previous group members. An L-band tunable laser (N7711A,
Keysight) has been exploited as the pump laser, providing maximum output power
> +13 dBm (20 mW).

Photodetectors

Different types of photodetectors have been used to meet different response and
bandwidth requirements. Model 2011 and 2053 from New Focus are InGaAs fiber-
optic receivers with a detection range of 900-1700 nm. They provide bandwidths
of 200 kHz and 10 MHz, respectively, with a maximum conversion gain of 18.8 x
10° V/W (peak responsivity of 1.0 A/W).

To detect high-speed dynamic response, photodetectors with higher sampling
rates are required. 125 MHz (Model 1811, New Focus) and 1 GHz (Model 1611, New
Focus) photodetectors have been exploited in high-speed experiments in Section
5.4.4 and 6.1.1, together with an oscilloscope (TDS7404, Tektronix) of 4 GHz
bandwidth to collect data. These two types of photodetectors support a wider
bandwidth at the cost of a lower maximum conversion gain (4 x 10* V/W and
700 V/W, respectively), with the same peak responsivity. Therefore, to detect
small transmission changes, amplifiers might be required in certain experiments

(such as in Section 5.4.4).
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Source meter units (SMUs)

A dual channel source (Model 2614B, Keithley) has been exploited to supply the
voltage and measure the current response of the devices. This type of SMU supports
high-accuracy output voltage (< 5 puV, <50 pV, < 500 pV in the range of 200
mV, 2 V, 20 V, respectively) and high-resolution current measurements (< 100 fA,
<1 pA, <10 pA and < 100 pA in the range of 100 nA, 1 pA, 10 pA and 100 pA).
However, the unit requires a measure setting time in the order of 100 us, thus the
capability for high-speed measurements is limited.

Data acquisition (DAQ) units

A 14-bit multi-channel data acquisition unit from National Instruments (NI USB-
6009) has been used to collect and continuously display low-frequency signals from
the photodetectors and the SMU, using LabVIEW programs. This unit can also be
used as a bias voltage source to supply DC voltage up to 5 V (200 mA).

Function generators

Arbitrary function generators (AFG3102C and AFG3152C from Tektronix,
with 100-MHz and 150-MHz bandwidths, respectively) drive the EOM to generate
customized pump pulses. The pump pulse shapes are programmed by LabVIEW
programs.

For high-speed eye diagram acquisition (Section 6.1.1), a 3-GHz pulse gen-
erator (8133A, Agilent) has been exploited to generate pseudo-random binary
sequences.

EOM

The pump laser is modulated by a lithium niobate electro-optical modulator
(2623NA, Lucent Technologies), supporting V, < 5 V| insertion loss of 3.7 dB and
modulation bandwidths up to 10 GHz within the C-band and L-band wavelength
ranges. A bias tee (ZFBT-4R2GW+, Mini-Circuits) combines the electrical pump
pulse generated by the function generator and a DC bias voltage generated from

the SMU or DAQ to form control signals for the EOM. The DC bias is set to the
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corresponding drive voltage at which the EOM provides minimum transmission,
so that the output transmission can be tuned at the largest extinction ratio with
the minimum electrical voltage.

EDFA

A high-gain (29 dB amplification for small input signal of -6 dBm) erbium-doped
fiber amplifier (AEDFA-CL-23, Amonics), operating in the C-band and L-band
wavelength ranges, has been exploited to amplify the EOM-modulated optical
signal to sufficient power levels for programming phase-change materials. The
amplification of the EDFA is programmable by tuning the amplifier current.

For input signal levels smaller than —6 dBm (Section 5.4.4), a pre-amplifier
(AEDFA-PA-35-B-FA, Amonics) is required, providing 35 dB optical gain for input
signal levels starting from —40 dBm.

Notably, the EDFAs provide broadband gains, thus both the signal at the
working wavelength and the out-of-band noise are amplified. Therefore, tunable
bandpass filters (OTF-320, Santec) are required to filter out the out-of-band noise
prior to the device.

Polarizers, bandpass filters and optical circulators

Given that grating couplers and EOMs are polarization-sensitive components,
in-line polarizers are necessary before the EOM and the device to maximize the
transmission. The in-line polarizer consists of a quarter-wave plate, a half-wave
plate, and another quarter-wave plate to generate arbitrary polarizations, exploiting
stress-induced birefringence in a single-mode fiber.

A three-port optical circulator (6015-3-APC, Thorlabs) has been employed to
guide the probe light and the pump light to travel in only one direction (clockwise)
with minimal loss (< 1.0 dB). Another tunable bandpass filter (OTF-320, Santec)
has been used before detecting the probe light to filter out the stray light from

the high-energy pump light.
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3.3.3 Electrical measurement setup

Figure 3.13 illustrates the setup [158] for electrical programming with both electrical
and optical readouts.
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Figure 3.13: Electrical switching setup with both electrical and optical readouts. SMU:
source measure unit; PD: photodetector. Inset: optical image of a device (green: waveguide
layer; gold: electrical pads).

A probe line, with a probe laser (TSL-570, Santec), a polarizer before the
device, and a photodetector, is used to continuously monitor device transmission,
as introduced in Section 3.3.2.

Electrical programming pulses are programmed by the function generator
(AFG3102C, Tektronix) and combined with the SMU-generated DC bias (2614B,
Keithley) through a bias tee (ZFBT-4R2GW+-, Mini-Circuits). Here, the bias tee
provides isolation from the RF+DC port to the DC port, thus enabling the SMU
to continuously monitor the status of the device. The pulses have been sent to
the device via RF probes (Model 40A, GGB). Both optical and electrical readouts
are collected by the DAQ (USB-6009, NI).
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4.1 Background

Small footprint and low energy consumption are long sought-after goals for com-
puting applications. As discussed in previous chapters, non-volatile programmable
phase-change devices are uniquely suited for low-power computing applications in
both electrical and optical domains. Plasmonic nanogap-enhanced phase-change
devices have demonstrated tens of picojoule-scale programming energy with phase-

change material Ge,Sb,Te, (GST) on a SizN, platform and meanwhile provided
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dual electrical-optical functionality [158]. Yet, due to the low coupling efficiency
between the waveguide mode and the plasmonic mode, such devices have achieved
a contrast between set and reset states that does not exceed 5%, posing challenges
for practical applications and limiting the cascadability for large systems. However,
should lower loss and higher contrast be achievable, they become attractive for SOI-
based platforms as they can be readily integrated with active photonic computing
components such as photodetectors and modulators.

This chapter discusses the design considerations and experimental implemen-
tations of plasmonic phase-change devices on a SOI platform. The objective here
is to transition to the SOI platform while improving the coupling efficiency and

programming contrast.

4.2 A Self-Aligned Fabrication Method

Different types of plasmonic mode converters have been proposed to maximize the
mode conversion efficiency [172-178]. However, few of them have been implemented
experimentally [173, 175, 178], due to the stringent requirements for the fabrication
and alignment process.

In this section, a self-aligned method is exploited to mitigate the challenge of
alignment. Using one e-beam lithography mask for both the first silicon etching
step and the gold deposition step, the silicon taper and gold pads are automatically
aligned and contacted.

A detailed process flow is as follows (Figure 4.1):
(1) Prepare and clean the diced silicon-on-insulator (SOI) substrate.

(2) An e-beam lithography (EBL) process is used to define a photoresist mask for
the plasmonic structure. Then RIE is used to fully etch the 220-nm silicon

layer down to the SiO, substrate.
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Figure 4.1: Self-aligned fabrication process flow.

(3) Use the same mask for thermal evaporation to deposit Au contacts (75 nm
after a 5 nm Cr adhesion layer) before removing the photoresist, so that the
Au contacts and the silicon nanogap are aligned automatically. A second
EBL step and another thermal evaporation step are performed to deposit the
large Au pads (details in Section 3.2), enabling access to RF probes during

measurements.
(4) Third EBL step followed by an RIE step to define half-etched waveguides.

(5) Fourth EBL step followed by an RIE step to fully etch the silicon layer within

the nanogap.

(6) Sputter phase change materials (80 nm, GST in specific for this work) with a

SiO,, capping layer (~10 nm).

4.3 Device Design and Simulations

This section introduces detailed design and simulations of a plasmonic phase-change
device on a silicon platform. First, the design of the waveguide-plasmonic mode
converter structure is discussed. Rather than the conventional taper structure, a

grated, or so-called corrugated, taper structure [172] has been exploited to improve
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the coupling efficiency between the silicon waveguide mode and the plasmonic mode.
Furthermore, propagation loss of the plasmonic nanogap is estimated through
numerical simulations. Finally, substrate choices of the plasmonic phase-change

device are evaluated using optical-thermal simulations.

4.3.1 The design of the corrugated structure

Figure 4.2 presents a comparison of the electromagnetic field distribution between
plasmonic nanogap structures with a conventional taper and a corrugated taper. The

field is modeled using a 3D finite-difference time-domain (FDTD) simulation.
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Figure 4.2: Grating structures for improving mode conversion efficiency. (a)-(b) 3D finite-
difference time-domain (FDTD) simulated field distribution of structures (a) without
and (b) with gratings. Light (A = 1545 nm) is incident from the bottom port. (c)
COMSOL simulated reflection profiles with different grating widths. (d) COMSOL
simulated transmission and reflection profiles at A = 1550 nm for structures with different
grating widths.
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The conventional taper [Figure 4.2(a)] shows a strong reflection of light before
the nanogap due to mode mismatching, while stronger field confinement within the
nanogap (|E[>6, more than 4x compared to the conventional design) is realized in
the corrugated taper [Figure 4.2(b)] with reduced reflection.

The design parameters of the grating structure have been further optimized to
maximize the output transmission. As the grating width increases, the transmission
first increases while the reflection decreases, reaching a maximum when the grating
width is around 200 nm. Beyond this point, transmission decreases as gold
absorption begins to dominate [Figure 4.2(c)-(d)]. A further discussion of other

design parameters can be found in Section 4.5.2.

4.3.2 Propagation loss

The total transmission loss of the plasmonic devices is dominated by two contri-
butions: propagation loss of the plasmonic mode along the nanogap, and coupling
loss between the plasmonic mode and the waveguide mode at the input and
output facets of the nanogap. To obtain the coupling/conversion efficiency of
the device, the propagation loss of the plasmonic mode is estimated through
numerical simulations.

The mode profiles of the plasmonic nanogap structure with different gap sizes
have been simulated using a finite difference eigenmode (FDE) solver (Ansys
Lumerical). As shown in Figure 4.3 and discussed in Section 3.1.3, the narrower
the gap, the stronger the field enhancement. However, the increased field overlap
with the metal led to greater absorption loss and, consequently, higher propagation
loss. In particular, the total propagation loss of the plasmonic nanogap structure
used in the conversion efficiency measurements (Section 4.4.1) is 0.49 dB, with a

propagation length of 100 nm and a silicon gap size of 30 nm.
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Figure 4.3: Simulated propagation Loss. (a) Cross-sectional mode profile for a device
with a 30-nm silicon gap between gold contacts. (b) Cross-sectional mode profile for a
device with a 50-nm silicon gap between gold contacts. (c) Simulated propagation loss for
devices with different gap size.

4.3.3 Comparison of fully- and half-etched SOI substrates

Given their lower propagation and scattering losses compared to fully-etched or wire
waveguides, half-etched or rib waveguides are widely used for waveguide and grating
coupler designs in this thesis. However, considering the high thermal conductivity
of silicon (148 Wm 'K ! [179], compared to 43 [179] and 1.38 [180] Wm 'K !
for silicon nitride and silicon dioxide), i.e. silicon waveguides exhibit faster heat
dissipation than silicon nitride [179], thermal effects should also be taken into
account when designing plasmonic phase-change devices on a SOI platform.

To investigate the switching behavior of plasmonic nanogap devices with fully-
etched and half-etched SOI substrates, optical-thermal coupling simulations have
been exploited via COMSOL Multiphysics. Here, fully-etched refers to the process
of etching the 220-nm silicon layer completely down to the SiO, substrate in steps

(2) and (5) of the self-aligned fabrication process, while half-etched substrates
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refer to etching only halfway (110 nm) through the 220-nm silicon layer [Figure

4.4(a)].
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Figure 4.4: Simulated temperature distribution (via COMSOL Multiphysics) for fully-
etched and half-etched nanogap structures. The input optical stimuli is fixed as a 10-ns
rectangular pulse with different power amplitudes, while the temperature distribution of
the cross-sections are captured at t = 5 ns. (a) Schematics for the half- and fully-etched
SOI substrates. (b) Temperature distribution for the Z-cut cross-section at z = 30 nm of
a half-etched device (white dashed line in (c)). The reference plane z = 0 is defined as
the bottom surface of Au. (¢) Temperature distribution for the Y-cut cross-section at
y = 25 nm of a half-etched device (white dash line in (b)). The reference plane y = 0
is defined as the center of the device. (e)-(f) are their fully-etched comparisons. (d)
and (g) show simulated temporal peak temperature response of half-etched and fully-
etched devices, respectively. ¢cGST: crystalline Ge,SbyTes; 1), melting temperature for
crystalline GST [181].

The input for the simulation is set as 10-ns rectangular amorphization pulses
with different amplitudes, while the temperature distribution of the nanogap region
is recorded during the pulses. With the same pulse amplitude, the phase change
material within the fully-etched structure [Figure 4.4 (e)-(g)] reaches a much higher
temperature compared to the half-etched structure [Figure 4.4(b)-(d)]. Specifically,

an input pulse with 1-mW amplitude is sufficient to heat the phase-change material
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above the melting temperature (for amorphization) in a fully-etched structure, while

2-mW is still below the switching threshold for a half-etched structure.

The preference for half-etched waveguides over fully-etched waveguides is pri-
marily attributed to the higher propagation loss of the latter caused by the strong
light scattering on the side-wall roughness [182]. However, propagation loss of a
plasmonic structure is dominated by metal absorption as explained in Section 4.3.2;
thus, the effect of the substrate is less critical. To enable energy-efficient optical
switching, fully-etched designs are utilized for the corrugated taper and nanogap

structures in this work.

4.4 Experimental Results

Following the design considerations discussed above, plasmonic devices with grating
structures have been fabricated using the self-aligned fabrication process. This
section presents the experimental results for waveguide-plasmonic mode conversion

efficiency, microscopic characterizations, and switching performance.

4.4.1 Conversion efficiency

Devices with varied fill factors and periods of the gratings have been fabricated
within the same chip. Figure 4.5 exhibits the experimental transmission of the
devices before GST deposition (after fabrication step (4) as described in Section 4.2).
Their transmission is compared to plain waveguides on the same chip, showing a
maximum efficiency exceeding 43%, corresponding to a total insertion loss of 3.57 dB

and 1.54 dB per facet for the converter (taking the propagation loss as simulated in
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Figure 4.5: Experimental transmission efficiency. (a) Experimental transmission map
for devices with different grating parameters, compared to 100% transmission for a plain
waveguides on the same chip. (b) Normalized broadband transmission response compared
to plain waveguides on the same chip and the previous plasmonic implementation [159].

Section 4.3.2), which outperforms the state-of-the-art experimental implementation
[178]. A discussion of fabrication variations compared to simulations can be found
in Section 4.5.2.

The broadband feature of silicon devices (~ 70 nm bandwidth, limited by the
bandwidth of the grating couplers) is maintained with the grating structure, making

it promising for future wavelength-multiplexing applications.

4.4.2 Microscopic characterization

After characterizing the coupling efficiency, GST is deposited on the devices,
following steps (5)-(6) of the self-aligned fabrication process. Figure 4.6(a)-(c)
present optical microscopy and SEM images of the fabricated devices, where the
grated silicon taper and the gold pads are well aligned, defining a nanogap of
~ 30 nm.

To confirm the fabrication of the nanogap structure, focused ion beam (FIB)
was performed to prepare the sample for cross-sectional imaging. Figure 4.6(d)
exhibits the cross-sectional image, showing that GST is deposited into the nanogap
as expected. A platinum layer was deposited on the device at the beginning of the

FIB process to prevent damage during milling.
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Figure 4.6: Device characterization. (a) Optical microscope image of a full device. The
size of the contact pads is 130 um with a spacing of 150 pum. Scale bar: 50 um. (b)
False-color scanning electron microscopy (SEM) image of the central region of a device.
Scale bar: 500 nm. (c) Zoom-in SEM image of the device nanogap (~ 30 nm). Scale bar:
100 nm. (d) Cross-sectional image of the device after FIB. Scale bar: 100 nm.

4.4.3 Optical switching

The devices were thermally annealed on a hot plate (250 °C for 3 min) to transition
to the crystalline state prior to optical switching experiments.

Optical measurements have been performed with the setup described in Section
3.3.2. A low-power probe light (A = 1550 nm) is used to monitor the transmission
change through the device while a pump light (A = 1570 nm) is modulated by an
electrical-optic modulator (EOM) then amplified by an erbium-doped fiber amplifier
(EDFA) to provide programming and erasing pulses.

Rectangular pulses are used to partially switch GST from the crystalline state
to the amorphous state (lower transmission to higher transmission), and double

step pulses [20] or triangular decay pulses are used to reset the material back to the
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Figure 4.7: Optical Switching Performance. (a) 51 cycles of high contrast binary
switching. The amorphization pulse is fixed as a 2.10 mW, 10 ns rectangular pulse,
and the crystallization pulse is fixed as a 2.10 mW, 10 ns pulse followed by a 200 ns
triangular decay. (b)Recorded transmission with a fixed programming pulse amplitude of
0.41 mW, and monotonically increasing pulse widths from 8 ns to 34 ns in 1 ns increments.
The erasing pulses are fixed as a 0.41 mW, 1 ns rectangular pulse with a 0.25 mW, 400
ns rectangular tail. (¢) Linear fitting for contrast and amorphization energy relation,
with x-intercept at 3.52 pJ. The contrast and pulse energy were obtained for multilevel
switching measurements. The amorphization pulse is fixed as a 0.55 mW rectangular pulse
with pulse widths varying from 7 ns to 13 ns in 1 ns increments. The crystallization pulse

is fixed as a 10 ns, 0.55 mW rectangular pulse followed by a 0.30 mW, 100 ns rectangular
tail.

crystalline state. Amorphization (2.10 mW, 10 ns) and crystallization pulses (2.10
mW, 10 ns pulse followed by a 200 ns triangular decay) are sent in a sequence (i.e.,
one cycle) repeatedly. Around 20% contrast has been maintained without obvious
degradation after 50 cycles [Figure 4.7(a)].

Multilevel transmission responses have also been demonstrated, as shown in
Figure 4.7(b). Here, the pulse amplitude of the input program is fixed at 0.41mW,

with pulse widths increasing from 8 to 34 ns in 1-ns increments. To estimate
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the minimum switching energy, a linear fit is performed for the contrast-energy
relationship in the multilevel switching tests, with the x-intercept showing a
switching energy threshold of 3.52 pJ [Figure 4.7(c)]. 0.5% contrast has been
experimentally demonstrated with an amorphization energy of 3.82 pJ (pulse energy

for a 0.55 mW, 7 ns amorphization pulse).

Table 4.1: Optical Switching performance of integrated photonic devices with Ge,Sb,Te;

. Mini. Max. .
. Active area o 1 Insertion

Devices type (um?) switching programmable loss (dB) Ref.

. energy (pJ) | contrast
Plasmonic 0.05%0.10 | 16+2 5% -10.45 [172]
nanogap devices
on SigNy -8.86 [159]
Si3N, waveguide | 5.0x 1.3 424+ 0.3 58.2+2.0% -0.395 [18]

1.0x1.3 13.4£0.6 16.2 £ 0.46% -0.079 [179]
SOI waveguide 4.0x0.45 388.4 15% -0.236 [179]
Plasmonic .

. This

nanogap devices | 0.03 x 0.10 | 3.82 20% -3.57 ork
on SOI w

Table 4.1 provides a comparison of the optical switching performance of different
integrated photonic devices. The minimal optical switching energy (amorphization)
of this work is reduced to one-fourth of the previous designs Si;N, and two orders

lower than previous silicon-based phase-change devices.

4.4.4 Electrical switching

To verify the electrical properties of the plasmonic nanogap devices, electrical
switching measurements were carried out. Nanogap devices with different gap sizes
were fabricated on SOI substrates according to the self-aligned fabrication procedure
outlined in Section 4.2, omitting the waveguide layer (step (4)) for simplicity.

Figure 4.8 exhibits current-voltage (IV) characteristics of the device before and
after hot plate annealing, following the RF sputtering step. The resistance of

the device drops from 3.3 MQ (with GST in the as-deposited state) to 437 k<
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Figure 4.8: Current-voltage measurements of the device resistance with a voltage range
below the switching threshold. (a) Optical image of a typical device. (b) Zoom-in SEM
image of a typical device (nanogap size: ~ 30 nm). (c)-(d) are current-voltage curves for
nanogap devices with and without deposited GST.

(with GST in the crystalline state) after annealing. Here, the resistance of the
as-deposited (amorphous) device is less than previous plasmonic nanogap devices
on the Si;N, platform (10 — 300 M2 [158, 159]), given the high conductivity of the
silicon substrate (~ 3.7 M for a reference device after the fabrication steps (1)-(3)
and before GST sputtering, as shown in Figure 4.8(d)).

Meanwhile, some of the devices have shown low resistance (40 — 50 Q) close
to the resistance of closed-gap devices after annealing, which can be attributed to
thermally activated diffusion [183] of gold into silicon waveguides, thus closing the
gap. To mitigate the diffusion-related uncertainty of device performance, electrical

switching measurements have been carried out for as-deposited devices, replacing
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the commonly used hot-plate annealing step.
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Figure 4.9: Electrical threshold switching. (a) A typical current-voltage curve for
electrical switching. A current compliance of 4 A is imposed to prevent device damage
caused by the abrupt current change. (b) Experimental threshold voltages required to
induce crystallization of the GST for different nanogap widths. Inset: current density
distribution across the device cross-section when apply a voltage bias of 10 V' on the gold
electrodes.

Voltage sweeps were performed for the devices to switch from the high-resistance
amorphous state to the low-resistance crystalline state (Figure 4.9). Threshold
switching has been observed, and the switching threshold increases with increased
gap sizes.

Nevertheless, the threshold is much higher than previously achieved for plasmonic
SizN, devices (~ 1 V). This effect can be attributed to the relatively high
conductivity of the silicon substrate. The SOI substrates used in this thesis have
a p-doped device layer of resistivity ~ 10 — 20 €2 - ¢em, which is much lower than
amorphous GST (> 10* Q - ¢m) and close to the resistivity of crystalline GST
(~18Q-cm) [184]. A simulated current density profile across the cross section of an
amorphous device is presented in the inset of Figure 4.9(b). Higher current density
is concentrated in the low-resistance silicon region, slowing down the heating process
for GST thus increasing the switching threshold.

Similarly, electrical switching measurements have also been conducted for

plasmonic nanogap devices with waveguides. Transmission drops have been observed
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Figure 4.10: Optical switching performance after electrical annealing. (a) Transmission
drops after electrical IV annealing. (b) Recorded transmission with a fixed programming
pulse amplitude of 0.6 mW, and 10 ns. The erasing pulses are fixed as a 0.6 mW, 5 ns
rectangular pulse with a 0.28 mW, 250 ns rectangular tail.

after electrical IV annealing [Figure 4.10(a)], indicating partial crystallization.
Optical switching measurements were performed subsequently [Figure 4.10(b)], and
low-energy optical programming has been demonstrated similar to the results in
Section 4.4.3.

However, mixed-mode read-out has not yet been achieved for the above switching
measurements. On the basis of previous discussions, possible solutions might be
adding a thin isolation layer between gold and silicon, or changing the SOI substrate
to the one with a lightly doped, high-resistance device layer so that the self-aligned

process and the corrugated design can be maintained.

4.5 Discussion

In this section, the choice of plasmonic materials and the design parameters of
the corrugated tapers are discussed in detail, followed by an outlook on future

applications of the corrugated plasmonic mode converters to MZIs.
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4.5.1 Analysis for material choices

This section provides a brief discussion on the choice of electrode materials for
the plasmonic structure.

Noble metals such as silver (Ag) and gold (Au) are the most commonly used
plasmonic materials. Silver provides a lower loss (smaller ¢”) and has shown a
theoretically higher coupling efficiency than gold [172]. However, given that silver
is chemically unstable and prone to oxidation, it is not suitable for programmable
phase-change devices, where stability is crucial. Likewise, the requirement of
thermal stability up to the melting temperature of phase-change materials excludes

plasmonic materials with low melting points, such as aluminum (Al).
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Figure 4.11: Simulated propagation loss when exploiting TiN as the electrodes material.
(a) Ellipsometry measured permittivity of TiN. (b) Simulated propagation loss for
plasmonic TiN nanogap devices with different gap sizes.

In addition to metals, CMOS-compatible materials, such as titanium nitride
(TiN), also support plasmonic enhancements at the near-infrared wavelengths,
offering the possibility of CMOS-compatible implementations in the future. To
compare the performance of Au and TiN in the proposed plasmonic devices, thin-film
TiN was sputtered on a silicon substrate by RF sputtering and its permittivity data
were extracted after ellipsometry measurements [Figure 4.11(a)], exhibiting negative

real permittivity for wavelength >830 nm. Mode simulations of the plasmonic
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nanogap structure formed with TiN were carried out. The simulated propagation
loss is shown in Figure 4.11, which is more than one order higher than the results
for Au in Section 4.3.2. To implement CMOS-compatible plasmonic phase-change
devices, future optimization of the material index (increase the ratio of |¢’|/e” or

J. /64 as discussed in Section 3.1.3) is required to reduce the propagation loss.

4.5.2 Design parameters and fabrication variations

In this section, to investigate how the design parameters of the corrugated plasmonic
mode converter affect the coupling efficiency, simulated transmission and dispersion
results are discussed and compared to experimental results. The design parameters
considered in this section include the taper angle, the waveguide width at which
the grating begins, and the period, fill factor, and width of the gratings.

Taper angles

Firstly, simulated transmission and reflection profiles of plasmonic nanogap
devices with various taper angles have been obtained via COMSOL as shown in
Figure 4.12. Within the considered half-angle range of 20°- 45°, the taper length
ranging from 1.72 um to 625 nm accordingly, devices without grating structures

constantly exhibit a high reflection ratio while grating structures significantly
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Figure 4.12: Simulated reflection and transmission profiles for the plasmonic nanogap
devices with various taper angles. (a) Simulated profiles for devices without grating
structures. (b) Simulated profiles for devices with grating structures.
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suppress reflection and increase transmission. For experimental implementations,
the taper angle is fixed at 22°, forming a taper length of ~ 1.55 pum.

Grating parameters

Next, to investigate how different grating parameters (width, fill factor, and
period) affect light propagation, dispersion analysis has been performed for a
simplified periodic grating structure (schematics in Figure 4.13(a), where /3 indicates
the propagation constant along the metal-dielectric interface). The detailed theory
underlying the design is provided in [172]. Strong mode coupling occurs when

the dispersion relation of the corrugated waveguide intersects with the plasmonic
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Figure 4.13: Simulated dispersion diagrams with different grating parameters. (a)
Schematics for the simulated periodic grating structure. (b) Dispersion relations of grating
structures with different grating widths (2h). The dispersion curve of the plasmonic
fundamental mode refers to a Au-Si-Au (MIM) structure with a 400-nm Si width. (c)
Dispersion relations of grating structures with different grating fill factors (t/p). (d)
Dispersion relations of grating structures with different grating periods (p).
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fundamental mode within the considered wavelength range. As discussed in Section
4.3.1, the width of the grating (2h) is the key parameter that modulates the reflection
of the converter. This point is further confirmed in Figure 4.13(b).

In summary, increased grating widths shift the dispersion curve of the corrugated
waveguide closer to that of the plasmonic fundamental mode, indicating stronger
mode interaction and coupling. On the other hand, period (p) and fill factor (t/p)
of the grating structure contribute insignificantly to the dispersion curve [Figure
4.13(c)-(d)].

Fabrication variations

Lastly, to further explore how fabrication variations contribute to conversion
efficiency, transmission simulations have been performed via Lumerical FDTD
solutions to compare the differences between experimental and simulation results.
As shown in Figure 4.14(a), the grating fill factor contributes insignificantly to the
mode conversion efficiency, which is in agreement with previous dispersion analysis.
The different conversion efficiency obtained from the experiments in relation to the
grating fill factor [Figure 4.5(a)] can be attributed to fabrication variations, where
a larger fill factor leads to a poorer fabrication resolution of the grating widths,
decreasing conversion efficiency.

Moreover, to identify how the grating period affects both the simulated and
experimental conversion efficiency, the effect of the waveguide width at which the
grating starts should also be taken into consideration [Figure 4.14 (b)]. When fixing
the starting widths, Figure 4.14(c) indicates that the grating period has a minor
impact on the conversion efficiency, which aligns with the dispersion analysis.

To further explain the effect of the starting width, effective index profiles for
both plasmonic modes and the slab mode are simulated as shown in Figure 4.14(d).
When the metallic waveguide width drops to around 400 nm, the higher-order
plasmonic mode is cutoff, and adding grating structure to the narrower waveguide

region could increase the absorption loss, as the fundamental plasmonic mode
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Figure 4.14: Simulated transmission profiles with different grating parameters. (a)
Simulated transmission of the plasmonic nanogap structures with different grating period
and fill factors. (b) Schematic indicates the waveguide width at which the grating begins.
(c) Simulated transmission of the plasmonic nanogap structures with different grating
period when fixing the grating start point at different waveguide widths. (d) Effective
index profiles for both plasmonic modes and the slab mode. Dashed line: refractive
index of SiO, (substrate material) at A = 1550 nm. The slab mode and the higher-order
plasmonic mode do not exist when the effective index is smaller than this value.

concentrates more on the corrugated surfaces. As a result, fixing the starting width

around 400 nm provides a higher conversion efficiency.

4.5.3 Plasmonic MZI

To explore potential applications of the proposed device design, the same structure is
applied to plasmonic MZI as shown in Figure 4.15. The device exhibits a measured
free spectral range (FSR) of 8 nm, as designed, and provides excellent extinction

ratio >500 (27 dB). After further optimization of the device, these structures can
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be utilized effectively in low-power applications, such as modulators [105] and
bio-sensing applications[185].
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Figure 4.15: Transmission profile of the plasmonic MZI device. (a) Optical image of the
plasmonic MZI device. (b) Transmission profile of the device.

4.6 Chapter Summary

In this chapter, by designing corrugated taper structures between the waveguides
and the plasmonic waveguides, an active SOI-based plasmonic cell with ultra-high
coupling efficiency (-3.57 dB) and high switching contrast has been experimentally
demonstrated. A novel self-aligned fabrication process is proposed, which increases
yield and reduces fabrication difficulty. The minimum switching energy has been
shown to be less than 4pJ, which is a staggering two-order-of-magnitude reduction
compared to previous silicon-based phase-change devices [179] and a 75% reduction
compared to comparable devices in the literature [158]. The devices also show high
programmable contrast (20 % compared to 5% in the previous work [158]) and
stable multilevel switching performance, which makes them promising for future
high-efficiency hybrid electro-optical computing systems.

All steps for device fabrication and measurements have been performed by the

author, with the exception of the ellipsometry measurements conducted by June
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Sang Lee, and focused ion beam (FIB) performed with the assistance of Gareth
Hughes at Oxford David Cockayne Center for Electron Microscopy (DCCEM).
All simulations presented were performed by the author, with the contribution of
Nikolaos Farmakidis for Lumerical FDTD simulations, and guidance from Samarth
Aggarwal and Angel Ortega in COMSOL simulations and dispersion simulations,
respectively. All analyses were performed by the author. The work presented in
this chapter has been delivered as an oral presentation in the following conference

proceeding with a manuscript in preparation:

o Y. He, N. Farmakidis, S. Aggarwal, J. S. Lee, M. Wang, W. Zhou, and
H. Bhaskaran, "Ultra-Efficient Plasmonic Phase-Change Devices on SOI
Platform," in CLEO 2023, Technical Digest Series (Optica Publishing Group,
2023), paper STh10.7.

o Y. He, N. Farmakidis, et al. "Self-aligned corrugated plasmonic mode convert-

ers for energy-efficient phase-change devices," (in preparation).
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5.1 Background

To address the challenge of size mismatch between integrated electrical and optical
phase change devices, two promising pathways have been explored [Figure 5.1]. The

first is to enhance light-matter interactions at the nanometer scale by exploiting
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plasmonic structures, thus reducing the dimensions of photonics. This is a highly
promising approach that enables low switching energy and a compact device
footprint. However, as discussed in the previous chapter, such an approach requires
a uniform high-resolution fabrication and alignment process, posing challenges in
scaling up. Moreover, plasmonics impose stringent constraints on material choices,
limiting CMOS compatibility.

Integrated Phase-Change Electro-optic Memristors

Electronics Photonics Interaction
1nm 10 nm 100 nm 1 um length
<«
Plasmonic engineering Thermal engineering
10 nm 100 nm) 100 nm 1um >

Figure 5.1: Two directions to tackle the size mismatch between integrated electrical and
optical phase change devices for implementing integrated electro-optic memristors.

Alternatively, engineering the thermal distribution in the electrical domain, i.e.
engineering the device structure such that the thermal distribution is optimized when
an electrical field is applied, offers the possibility of aligning the size of programmable
electronics with photonics. For example, combining external heaters with silicon
waveguides provides uniform Joule heating for electrically switching large-area phase-
change materials [103, 104, 160-162]. However, dual electrical-optical functionality
has not been achieved in these devices because their electrical readout is independent
of the phase-change material state.

In the electronic domain, there has been huge progress in the realization of low-
energy electrical switching using thermal engineering techniques such as self-aligned
carbon nanotube electrodes [25], superlattices [26], and self-confined cells [28]. In
this chapter, these concepts are applied to optoelectronics, realizing electrical heat
confinement for scalable, energy-efficient electro-optic memristors by tailoring the

geometry of the phase-change material as a nanoscale constriction.
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5.2 Device Design and Simulations

This section covers the design and simulations for the constriction-structure-based

mixed-mode device.

»
»
)
)

Crysté lline

Vpulse
J\_ |‘| Capping layer Isclgtei?n [ Phase-change Material (Ge,Sb,Tes)
A Metal (Au)

Vetal  GesSbgTes |

PRSI [ Waveguide (Si)

SiO, substrate Oxides

Figure 5.2: Device schematic. False color SEM image for a device with a 450-nm
constriction (green: the waveguide with crossing structure; blue-gray: GST; dark-gold:
gold pads). Scale bar: 2 um.

5.2.1 Device schematics

A false color SEM image and the cross-sectional schematic of the proposed device
are shown in Figure 5.2. The device combines a waveguide crossing structure with
one-step lithography-defined phase-change material. The phase change material
(blue-gray) is designed as a bow-tie constriction structure with the narrowest feature

size ranging from 100 to 450 nm (details in Section 5.2.3). Electrical signals are
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supplied and read out via metal contact pads (dark-gold) away from waveguides,
and optical signals via the waveguide underneath (green), coupled by an optimized

crossing structure.
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Figure 5.3: Simulated (via COMOSL Multiphysics) temporal peak temperature profiles.
(a) Temporal peak temperature curves for GST region when applying square pulses on the
pads with different voltage amplitudes and a fixed 100 ns pulse width. A pulse of 6 V with
a 40-ns duration suffices to heat the GST above its melting temperature. T,: melting
temperature for GST. Inset: simulated temperature profile for the constriction region
after a 6-V, 45-ns amorphization square pulse. ¢GST": crystalline GST. Scale bar: 200 nm.
(b) Temporal peak temperature profile (red line) during an 6-V, 50-ns amorphization
pulse (dashed black line) and a crystallization pulse (a 6-V, 10-ns pulse followed by a
250-ns triangular decay) for a device with a 100-nm constriction 7,: Glass transition
temperature for GST.

When a voltage pulse is applied to the metal pads, the current-induced Joule
heating will be confined to the narrow high resistance region of the device, as
validated through the FEM simulation profile in Figure 5.3(a). For a crystalline-
state device, a voltage pulse of sufficient pulse amplitude and pulse width will
melt-quench the phase-change material, leading to a phase transition to amorphous
phase, i.e. switching of the device. The induced transmission and current change
are read out simultaneously, and likewise the phase transition induced by optical
stimuli (high-energy optical pulses) can also be read out both electrically and
optically.

Figure 5.3(b) provides simulated temporal peak temperature profiles for phase

change material during amorphization and crystallization pulses. The short amor-
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phization pulse rapidly heats the device above the melting temperature (7,,, ~ 890 K
[181]) of GST with a fast quenching, enabling the phase transition from the
crystalline to amorphous state. Similarly, the long triangular decay pulse heats
the device above the glass transition temperature (7, ~ 415 K [181]) with slow

cooling, leading to crystallization.

5.2.2 Design of the crossing structure

In the waveguide crossing design, a multimode interferometer (MMI) crossing
structure is exploited [186] to create interactions between the light and phase-
change material.
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Figure 5.4: Details for the multi-mode interferometer (MMI) crossing design. (a) Design
parameters for the MMI structure, with a 3-um taper that transitions from a 500 nm to
an 800 nm waveguide width at both ends. (b) Experimental transmission response for
the optimized MMI design with crossing length = 2 pm, MMI length = 6.2 pm and MMI
width = 1.2 ym. The bandwidth is limited by the grating couplers.

The MMI is extended to the GST region to create planar devices, ensuring that
the GST film is deposited on the same height and maintaining good conductivity.
Based on this requirement, the crossing length is fixed at 2 um, while the other

MMI parameters as indicated in Figure 5.4 (a) are optimized with Lumerical FDTD
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solution to minimize the insertion loss. 94% (—0.27 dB) experimental transmission
is obtained before phase change material deposition, compared to 100% transmission

for a plain waveguide on the same chip [Figure 5.4(b)].

5.2.3 Design of the constriction structure

The constriction structure used in this work is designed with the following parameters

[Figure 5.5(a)-(c)]: constriction length, constriction width and thickness.
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Figure 5.5: Design parameters for the phase-change material constriction. (a) SEM
image for the central region of the device. (b) Cross-section of the device at the dashed line
in (a). (c¢) Top view of the device with indications of constriction width and constriction
length. (d)-(f) COMSOL simulated temporal peak temperature distributions for different
material thickness, constriction width, and length with an 8-V, 50-ns pulse applied at the
device metal contacts. For better comparison, the curve colors is mapped from higher
device resistance (blue) to lower resistance (yellow).

COMSOL simulations have been carried out to explore how the above design
parameters of the phase-change geometry affect the electrical switching performance

of the device. Figures 5.5(d)-(f) plot the simulated temporal peak temperature
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profile of the phase-change materials region when an 8 V, 50 ns square pulse is
applied to the metal electrodes.

Devices with higher thicknesses [Figure 5.5(d)] exhibit lower resistance and
provide a larger current. Thus, the temperature rises faster to the melting
temperature and supports faster switching speed. Conversely, devices with smaller
constriction widths [Figure 5.5(e)] exhibit higher resistance and lower current, but
better heat confinement for the constriction region. The heat confinement accelerates
the Joule-heating process for the constriction, enabling fast and low-energy electrical
switching as well. Lastly, the effect of constriction length is not as significant as
the other two parameters [Figure 5.5(f)].

In summary, for fast and low-energy electrical switching, higher thickness and
smaller constriction widths are preferred. However, there is an upper thickness
limit (around 150 nm) for phase-change materials to achieve reversible switching,
constrained by the required critical cooling rate [187]. Narrower constriction
widths also limit the maximum transmission contrast (shorter evanescent-coupling
length). Thus, the design of the constriction parameters must balance complex trade-
offs among the parameters, with careful consideration of the specific application
context.

In this work, 100-450 nm constriction width has been used to balance the trade-
off between switching energy and transmission contrast. The thickness and length

of the constriction have been fixed at 150 nm and 90 nm, respectively.

5.2.4 Optical readout of the electrical switching

Thermal and optical simulations are further conducted to investigate the electrical
switching performance and related optical responses of the device. Figure 5.6(a)
presents the simulated light propagation profiles with GST in fully crystalline

(¢GST) and fully amorphous (aGST) states, showing clear field contrast at the
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output ports (64% and 75 %, respectively normalized to the field at the input port).

The following discussion focuses on the amorphization process.
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Figure 5.6: Simulated electrical switching performance. (a) Simulated (via Lumerical
FDTD solutions) light propagation profiles of the devices with amorphous GST (aGST)
and crystalline GST (¢cGST). The constriction width is 150 nm for the simulated device.
(b) Simulated temperature distribution (via COMSOL Multiphysics) at a device y-cutline
(white dashed line in inset (1)) when applying voltage pulses with different pulse widths
(10 ns-100 ns with a 10-ns increment, fixed amplitude at 7 V). The switched lengths
(W1, device region with temperature over melting temperature) are further obtained
based on these cut-line temperature profiles. Right column inset: corresponding simulated
2D temperature distribution for the device center slice with varied pulse widths (80
ns, 30 ns, 10 ns, from top to bottom). Middle inset: the relationship between voltage
pulse width and device switched length(Wy,). The constriction width is 100 nm for the
simulated device. (c) The simulated (via Lumerical FDTD Solutions) transmission change
with different switched lengths. Inset: the relationship between switched length and
transmission contrast at A\ = 1574 nm. (d) Relationship between calculated electrical
switching energy and transmission contrast based on (b) and (c¢). Pulses parameters are
6V 10-170 ns, 7V 10-130 ns, 8 V 10-100 ns with a 10-ns increment. Programming current
and energy are calculated based on initial resistance (crystalline state) of the device.

With increasing amplitude [Figure 5.3(a)] or width [Figure 5.6(b)] of the

electrical pulse, a larger portion of the material is heated above the melting
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temperature, thereby forming a larger amorphous region. Different volume ratios of
amorphous and crystalline material provide intermediate electrical and optical
readout levels between fully crystalline and fully amorphous states, enabling
multilevel accessibility.

To explore the relationship between device transmission and electrical switching
energy, a model is built to calculate the broadband transmission response with
different switched lengths [Figure 5.6(c)]. Here, the switched length (W) is defined
as the length of the region with temperature over the melting temperature after
an amorphization pulse. The transmission contrast increases with an increase in
electrical switching energy, and a higher pulse amplitude provides a lower minimum
switching energy due to the shorter pulse width required [Figure 5.6(d)]. The

simulated minimum switching energy is less than 37 pJ (8 V, 20 ns).
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Figure 5.7: The simulated (via Lumerical FDTD Solutions) transmission change with
different switched lengths for a 300-nm constriction device. Inset: the relationship between
switched length and transmission contrast at A = 1574 nm.

Here, the transmission contrast is defined as AT/T.,,, where AT and T,

Y
represent the transmission change and the transmission for the crystalline state,

respectively.
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For small constriction widths [Figure 5.6(c)], phase transitions from crystalline
to amorphous increase transmission, so AT = T}, — Tery (Thmo represents the
transmission readout of the partially amorphous state). For larger constriction
widths, the phase transition from crystalline to amorphous reduces the transmission,
so AT is defined as Ty — Tymo. The variation in the direction of the pulse-switched
transmission change can be ascribed to the increased scattering loss at the boundary
between the amorphous and crystalline regions as the constriction width increases.
The simulated transmission change for a representative device with a 300-nm
constriction is shown in Figure 5.7, where the transmission decreases with increased
switched lengths. The experimental results in Figure 5.12 and Figure 5.16 also
match the simulation.

The current contrast is defined as (I — Lamo)/Iery, Where the crystalline state

always provides higher current than the partially amorphous state.

5.3 Device Fabrication and Characterization

This section begins with proof-of-concept experiments using electrical phase-change
devices on SiO, substrates. Then, the complete fabrication process flow is introduced,
followed by basic morphological, electrical, and optical characterizations of the

devices.

5.3.1 Electrical constriction devices

As a proof of concept, the first set of experiments have been carried out for devices
without waveguides on SiO, substrates to confirm that constriction structure-based
GST devices are electrically switchable.

150 nm GST plus a 10 nm ZnS—SiO, capping layer has been deposited on
SiO, substrates, which were pre-patterned with 5 nm Cr/75 nm Au electrodes
[Figure 5.8(a)]. Fabricated devices are thermally annealed (250 °C for 5 min) to

the crystalline state before electrical switching experiments.
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Figure 5.8: Electrical switching performance on a SiO, substrate. (a) Optical microscope
image for an electrical constriction device on a SiO, substrate. (b) Reversible switching
for 100 cycles. The initial state of the device is crystalline (high conductivity). One
switching cycle includes switching the device to the amorphous state (low conductivity)
with an amorphization pulse then back to the crystalline with a crystallization pulse.
The amorphization pulse amplitude is fixed as a 1.8-V, 100-ns pulse (25 pJ), and the
crystallization pulse as a 1.6-V, 100-ns pulse with a 500-ns triangular decay tail. The
interval between amorphization and crystallization pulses is ~ 1 s. (c) Multilevel switching
results. The amorphization pulse amplitude is fixed at 1.3 V, with the pulse width
increasing from 10 ns (1.6 pJ) to 150 ns (24 pJ) in 10-ns increments. The crystallization
pulse is fixed at a 1.1-V, 100-ns pulse with a 500-ns triangular decay tail.

Both binary and multilevel switching measurements have been carried out
with the switching pulse parameters obtained experimentally. 100 cycles of binary
switching between the crystalline and amorphous states have been demonstrated
with stable contrast > 20% [Figure 5.8(b)]. Fixing the rectangular amorphous
pulse amplitude as 1.3 V' and varying the pulse width from 10 ns to 150 ns in
10-ns increments, multilevel switching has been achieved [Figure 5.8(c)]. 1% current

contrast has been attained for the shortest pulse, providing an ultralow switching
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energy of 1.6 pJ.

5.3.2 Device fabrication process flow

The full device is fabricated on diced silicon-on-insulator (SOI) substrates.

Waveguides, MMIs, and grating couplers are patterned using EBL with positive
photoresist CSAR 62, followed by RIE with an etching depth of 110 nm. Then 5 nm
AlQ, is deposited via atomic layer deposition (ALD, Savannah S200) for electrical
isolation prior to EBL patterning and thermal evaporation of 5 nm Cr/75 nm Au
for the metal pads.

Finally, 150 nm GST plus a 10 nm ZnS—SiO, capping layer (protecting GST
from oxidation) is patterned with a third EBL step and deposited with an RF
sputtering system (AJA). Fabrication details for each step have been introduced

in Section 3.2.

5.3.3 Basic characterization

After device fabrication, atomic force microscope (AFM) images [Figure 5.9 (a)]
have first been collected to confirm the thickness of the device. The height profiles
in Figure 5.9(b)-(c) exhibit a height transition from around 150 nm [Figure 5.9(b)]
to 70 nm [Figure 5.9(c)], from the side to the center, attributed to the shadowing
effect during the RF sputtering process. Such gradual height transitions provide
additional heat confinement for the constriction structure.

The basic transmission and resistance characterizations have been conducted
thereafter. The optical and electrical measurement setups are introduced in Sections
3.3.2 and 3.3.3, respectively. The loss of a typical device in the amorphous state
(as deposited) with a 100-nm constriction width is around 2 dB [Figure 5.10(a)],
increasing to 5 dB for a device with a 450-nm constriction width. Figure 5.10(b)

presents the current-voltage characteristics of a typical device in its two states, the
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Figure 5.9: Atomic force microscope (AFM) Characterization. (a) AFM collected height
profile for the constriction region of the device. (b)-(c) Height profiles along cut-lines 1-2

in (a), respectively.
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Figure 5.10: Basic Device Characterization. (a) Transmission for a typical device
in its two states with a 100-nm constriction width. Transmission is normalized to the
transmission of plain waveguides with MMIs on the same chip. (b) Current-voltage
measurements for a typical device in its two states with a 130-nm constriction width.

resistance of the device dropping from 2.2 G2 in its amorphous state to 11 k2

in the crystalline state.

5.4 Switching Performance Characterization

Experimental measurements for both optical and electrical switching are carried
out using a custom electro-optic setup (Section 3.3). Fabricated devices are
thermally annealed (250 °C for 5 min) to the crystalline state before switching

experiments.
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5.4.1 Optical switching with mixed-mode read-out

Optical switching measurements are first performed to demonstrate dual electrical-
optical functionality. Amplified pump pulses (A=1571 nm) are used to program
the devices, while low-power CW probe light (A=1570 nm) is used to read the

device states.
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Figure 5.11: Binary optical switching performance. (a) Experimental optical switching
with both optical and electrical readouts for a device with a 310 nm constriction. The
amorphization pulse is fixed at 5.04 mW with a 25 ns pulse width, and the crystalline
pulse is a 5.04 mW, 10 ns pulse with a 1.51 mW, 250 ns rectangular decay tail. (b)
100 cycles of reversible optical switching for a device with a 110 nm constriction. The
amorphization pulse is fixed at 14.39 mW with a 20 ns pulse width, and the crystalline
pulse is a 14.39 mW, 5 ns pulse with a 6.48 mW, 250 ns rectangular decay tail.

The programming pulse parameters are obtained experimentally. For binary
switching, the optical pulse amplitude is fixed at 5.04 mW, with a 25 ns pulse
for amorphization and a 10 ns pulse followed by a 250 ns, 1.51 mW rectangular
tail for crystallization. Successively reversible switching events are obtained for
around 10% transmission contrast and more than than 40% current contrast [Figure
5.11(a)]. The cyclability test in Figure 5.11(b) demonstrates ~ 3% reversible optical
switching contrast with no obvious degradation after 100 cycles. The constant drift
in optical transmission can be attributed to the mechanical motion of the chip
induced by the electrical probe assembly and to the formation of larger crystalline

domains [162]. After initial pulsing and amorphization of the phase-change material,
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ordered structures form which act as seeds for further crystal growth and are not
fully amorphized with the same pulse [188]. The optical transmission thus exhibits

a trend toward a more crystalline state.
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Figure 5.12: Multilevel optical switching performance. (a) Experimental multilevel
optical switching with both optical and electrical readout for a device with a 310 nm
constriction. Amorphization pulse amplitude is fixed at 5.04 mW (Pp1) with pulse widths
increasing from 1 to 30 ns (tp1-to30) in 1 ns increments. The crystallization pulse is fixed
as a 5.04 mW, 10 ns pulse followed by a 1.51 mW, 250 ns rectangular tail. (b) Relationship
between optical switching energy and switching contrast for both transmission and current.
Amorphization pulse amplitude is fixed at 5.04 mW with pulse widths increasing from 1
to 40 ns in 1 ns increments, and the crystallization pulses are kept the same as in (a).
The optical contrast saturates at around 160 pJ (32 ns).

In addition to binary switching, multilevel switching is also achieved with optical
programming. The crystallization pulse is fixed as before and the amorphous
pulse widths vary from 1 to 30 ns, maintaining the amplitude at 5.04 mW [Figure
5.12(a)]. For short pulses (1-4 ns), the pulse power is not enough for amorphization,
whereas the crystallization pulse further anneals the materials, as indicated in the
current trend. No optical transmission contrast is detected as a result of the limited
signal-to-noise ratio. Increasing the amorphous pulse width to 5 ns induces over
0.05% transmission contrast using 25.2 pJ switching energy, and a 30 ns pulse
achieves more than 20% contrast in both the electrical and optical domains. Figure
5.12(b) further illustrates the relationship between optical switching energy and

switching contrast. The switching contrast increases first with increasing switching
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energy, then saturates at around 160 pJ with over 20% transmission contrast and

around 30% current contrast.

5.4.2 Electrical switching with mixed-mode readout

Electrical switching measurements were further carried out. Electrical programming
voltage pulses are applied to the metal pads of the devices. A low-power DC bias
signal (100 mV unless otherwise specified) and probe light (A = 1570 nm, 10 uW)

are used to monitor the current and transmission, respectively.
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Figure 5.13: Binary electrical switching performance. (a) Experimental electrical
switching with both optical and electrical readout for a device with a 120 nm constriction.
The amorphization pulse is fixed at 4.5 V and 30 ns with a crystallization pulse as a 30 ns,
2.7 V pulse followed by a 250 ns triangular decay. The interval between amorphization
and crystallization pulses is ~ 1 s. (b) 100 cycles of reversible electrical switching for a
device with a 265 nm constriction. The amorphization pulse is fixed at 3.5 V with a 10
ns pulse width, and the crystalline pulse is a 2 V, 10 ns pulse with a 250 ns triangular
decay tail.

The device switching parameters for both amorphization and crystallization were
experimentally determined. In binary switching measurements, the amorphization
pulse is fixed at 4.5 V and 30 ns (24 pJ including bias power) with a crystallization
pulse as a 30 ns, 2.7 V pulse followed by a 250 ns triangular decay. Using
these switching parameters, 25 cycles of sequential switching events have been
demonstrated with both electrical and optical readouts, as shown in Figure 5.13(a).

The maximum current contrast is over 15%, and a transmission contrast of over 0.2%
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is obtained. The dynamic response of electrical switching is discussed in Section 5.4.4.
To investigate device reliability, the cyclability test in Figure 5.13(b) demonstrates
100 cycles of reversible electrical switching with ~ 20% current contrast. The
confinement of heat to the constriction area results in a low switching energy. Here,
the amorphization pulse (3.5 V, 10 ns) for electrical switching consumes only 2.1

pJ energy (switching current ~ 58 pA).
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Figure 5.14: Multilevel electrical switching performance. (a) Experimental electrical
switching with both optical and electrical readouts for a device with a 130 nm constriction.
Pg1-Pgy: amorphization pulse amplitude 8-9.5 V with a 0.5 V increment and fixed pulse
width at 10 ns (each parameter repeated 3 times); tgs-tg10: 5—10 ns with a 1 ns increment
and fixed pulse amplitude at 9.5 V. The crystallization pulse is fixed as an 8 V, 10 ns pulse
followed by a 250 ns triangular decay tail. (b) Relationship between electrical switching
energy and switching contrast for both transmission and current. The contrast is taken
as the average of different switching cycles with the same amorphization pulse.

Next, to demonstrate multilevel switching, the crystallization pulse is fixed as
an 8 V, 10 ns pulse followed by a 250 ns triangular decay tail, with the amplitude
and pulse widths of the amorphous pulses varying from 8 V to 9.5 V (Pgi-Ppy
in Figure 5.14(a)) and from 5 to 10 ns (tgs-tg1o in Figure 5.14(a)), respectively.
Distinguishable contrasts are obtained with increasing pulse widths or amplitudes,
leading to higher contrast in both optical and electrical domains. Figure 5.14(b)
illustrates the relationship between contrast and pulse energy. The experimental
switching energy is similar to the simulated results in Figure 5.6(d) but with a lower

transmission contrast. The deviation can be attributed to the simplified simulation
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model, which only considers the length of the switched region, but the whole region

is not fully switched in the experiments, leading to a smaller optical contrast.
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Figure 5.15: Multilevel electrical switching and multilevel stability for a device with a
130 nm constriction. Amorphization pulse amplitude is varied from 7 V to 5 V with a
0.5-V decrement and the pulse width is fixed at 30 ns. The crystallization pulse is fixed as
a 5-V, 10-ns pulse followed by a 250-ns triangular decay tail. The standard deviations for
5 repeated write cycles are calculated to be 47%, 23%, 14%, 27%, 6% for current contrast
and 23%, 7%, 14%, 10%, 3% for transmission contrast.

The stability of electrically induced multilevel switching has been further
investigated [Figure 5.15]. Five unique levels are resolved with reasonable stability.
The drift in current levels / resistance can be attributed to the randomness of the

atomic rearrangement and structural relaxation of the amorphous phase [8].

5.4.3 Discussion on electrical switching conditions

During experiments, it was also observed that the amplitude of read-out DC bias
has an impact on the electrical switching contrast.

Increasing the DC voltage from 100 mV to 500 mV (probe power as 10 pW)
improves the electrically switched transmission contrast. 50 cycles of electrical
switching with around 3% (0.13 dB) transmission contrast have been demonstrated
[Figure 5.16(a)]. The electrical switching energy is calculated to be 19.5 pJ (30 ns,
9 V plus 0.5-V bias voltage), providing ultra-low energy consumption at 0.15 nJ/dB.

The gradual drift to the amorphous state can be attributed to elemental segregation,
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Figure 5.16: Electrical switching under various DC bias voltages. (a) 50 cycles
reversible switching with both optical and electrical readout under 500 mV DC bias. The
amorphization pulse is 9 V, 30 ns and the crystallization pulse is fixed at 5 V, 10 ns with
a 250 ns triangular tail, with 500 mV DC bias and 10 W probe light power to readout
current and transmission change. The interval between amorphization and crystallization
pulses is ~ 1 s. The device resistance is around 143 k€2, with a 310-nm constriction width.
(b) Electrically switched transmission contrast under different bias conditions. 5 cycles
of reversible switching have been collected under 100 mV, 1V and 500 mV bias voltages,
respectively. The amorphization pulse is fixed at 6 V, 50 ns and the crystallization pulse
is fixed as 5 V, 10 ns with a 250 ns triangular tail. The device is around 187 k2 with a
450-nm constriction width.

i.e. elements Te and Sb move towards different directions along the electrical field
or thermal gradient after electrical switching cycles, leading to smaller crystalline
domains [189].

The impact of the read-out DC bias voltage is further presented in Figure 5.16(b).
Varying the bias voltage from 100 mV to 1 V boosts the switched transmission
contrast from ~ 2% to ~ 5% (~1-order improvement compared to the first plasmonic
phase-change electro-optic memristor [158]). Increasing the bias voltage improves
the maximum transmission contrast by boosting the absorption of the amorphization

pulse through both thermo-optic and electronic effects in GST [190-193].

5.4.4 Dynamic response

The experimentally measured thermo-optic response of the constriction device
is presented in Figure 5.17. The setup is customized based on the mixed-mode

electrical switching setup introduced in Section 3.3.3. The output probe light signal
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Figure 5.17: Experimental dynamic response for the device with a 450-nm constriction.
(a) Measurement setup. SMU: source measure unit; PD: photodetector; BS: 99:1 beam
splitter, directing 99% of the output signal to the pre-amplifier and 1% to the PD. (b)-(c)
Read-out voltage profiles of the high-speed photodetector, indicating device transmittance
when applying a 9.5-V, 30-ns amorphization pulse and a 7.5-V crystallization pulse (a
30-ns square pulse followed by a 250-ns triangular tail). The read-out voltage curve is an
average over 3 cycles.

is amplified (AEDFA-PA-35-B-FA, Amonics) after a 99:1 splitter (TF1550R1A1,
Thorlabs), and after the band-pass filter (OTF-320, Santec) collected by the
high-speed photoreceiver (model 1811, New Focus) and oscilloscope (TDS7404,
Tektronix).

The post-excitation 1/e decay time [18] for a 30-ns amorphization pulse is
calculated to be 30 ns, and the total settling time for a crystallization pulse is
290 ns, providing operational speeds of 60 ns and 290 ns for amorphization and
crystallization, respectively. The reset speed (amorphization) of the constriction

device is faster than that of heater-based integrated phase-change electro-optical

devices ( >100 ns [103, 104, 160-162]), and the set speed (crystallization) is
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comparable (~ 200 ns and 556 ns for P*" doped-Si heaters [160, 161], > 80 us for

PIN heaters [103, 104] and > 220 ps for graphene heater-based devices [162]).

5.4.5 Switching energy analysis

Figure 5.18 provides a summary of the energy performance of the constriction
devices. The tens of picojoule switching energy obtained for mixed-mode readouts,
i.e. simultaneous readouts in both electrical and optical domains, is similar to those
for plasmonic nanogap-based implementations and is more than one order smaller

than those for heater-based state-of-the-art integrated electro-optical phase-change

devices.
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Figure 5.18: Switching energy map for different phase-change electro-optic memristor
implementations. Heaters on a silicon platform ([103, 104, 160-162]): The optical switching
energy is estimated based on [179]. Plasmonic structures: based on [158, 159].

Table 5.1 highlights the significance of this work by comparing its metrics with

those of other nonvolatile electro-optical devices based on GST. This work reduces
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Table 5.1: Performance comparison of electro-optic memristor implementations based

on GeySbyTey

i i . Energy
o Op-tlcaq Elc-ctrl?al Active PCM Vol Insertion per unit | Mixed-
Electro-optical Switching | Switching ume W x L x H loss for dulati Mode | Ref
Device with GST | Energy energy** 3 amorphous modulation
(pd) (pJ) (pm) devices (dB) depth Read
(nJ/dB)
Silicon PIN diode 11,000
heater (650, 000) 0.5 x 4 x 0.02 -1.6 4.0 No [104]
Graphene % 5,550
heaters ~ 388.4 (860,000) | 04X 473 %023 | -1 1.85 No [162]
P*t* doped Si 5,200
heater (6.900) 0.5 x 3.5x 0.03 | -1.78 1.7 No [160]
SigNy plasmonic | 14 4 o 16.0 (312) | 0.05x0.05x0.075 | -10.45 0.62 Yes [158]
nanogap
Si;N, plasmonic 650 .
hestons (4000) 0.07 % 0.2 0.075 | -8.86 9.8 Yes [159]
Constriction 19.5 This
25.2 0.3 x 0.3 x 0.07 -5 0.15 Yo
Structure on SOI (26.5) €s work
0.3 x 0.1 x 0.07 -2

* Using the experimental data for 4 pm Ge,SbyTey on Si from [179] as a reference.

**  Amorphization (crystallization).

the high insertion loss relative to previous plasmonic implementations (from ~ 10

dB to 2-5 dB) and demonstrates a very low electrical switching energy per unit

modulation depth at 0.15 nJ/dB.

5.5 Photo-detection Behavior

Besides switching performance, to fully exploit the dual electrical-optical functional-

ity, the photoresponse behavior of the device has been further investigated.

5.5.1 Responsivity

The current-voltage (I-V) characteristics of a constriction device in the amorphous

and crystalline states have been measured at different input optical power levels

[Figures 5.19 (a)-(b)]. The input light is incident through the waveguides beneath
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Figure 5.19: Phase-dependent photo-detection behavior. IV curves under different
input optical power levels (A = 1550 nm) for the same device in (a) the amorphous
state (as-deposited, 61 M) and (b) the crystalline (thermally annealed, 48 k{2) state,
respectively.

the GST constriction structure. The measured photoresponse is symmetric in the
positive and negative bias regions with negligible response at zero bias, indicating

that the device operates in photoconductive mode [151, 152, 154].
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Figure 5.20: Phase-dependent responsivity (A = 1550 nm) of the constriction device
under different bias voltages. (a) Calculated responsivity for a constriction device in the
amorphous state. (b) Calculated responsivity for the same devices in the crystalline state.
The device is with a 450-nm constriction.

Figure 5.20 further presents the relationship between the input optical power
and the calculated responsivities of the device in its two states under different bias

voltages. The photocurrent increases with higher input optical power and bias
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voltages. However, the responsivity and incident optical power exhibit a negative
correlation, i.e. the photocurrent saturates at high optical input power. The
saturation can be attributed to saturation absorption and refractive-index-related
absorption coefficient change. Similar behavior has been discussed in previous
work [154].

The calculated responsivity for the same device in the crystalline state is
more than 3 orders of magnitude higher than that of the amorphous state given
the large resistance change between the two states. With bias voltage at 1 V,
the highest responsivity of 0.2 A/W has been obtained at an incident optical
power of 13.9 W which is close to the unity photoresponsivity of commercialized
integrated photodetectors and comparable with emerging photodetectors based
on two-dimensional materials [151, 152]. Notably, the active length of the device
used in this work (~ 450 nm) is much shorter than that of the aforementioned
integrated photodetectors (several to tens of um). Therefore, with a sufficient
active length for light absorption, the responsivity of the constriction device can

be further boosted.

5.5.2 Random access and potential applications

The dynamic response of the photoconductivity has been further characterized.
Figures 5.21(a)-(b) exhibit the dynamic on-off response of a constriction device in its
two states, where incident light was switched on and off at 10 s intervals, with 9.3 uW
increments in optical power for each cycle. The photocurrent increases sublinearly
with the incident light power, showing a one-to-one mapping relationship.

Stable access to different photocurrent levels in response to different input
optical power has been demonstrated for an example device in the crystalline state
[Figure 5.22(a)]. The one-to-one mapping relationship between the input optical

power and the photocurrent adds a new avenue for data transfer from the optical
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Figure 5.21: Dynamic readout of the input optical power at A = 1550 nm. (a) Current-
time response of a device in its amorphous and crystalline states under pulsed illumination
(on and off at 10 s intervals) with a 100-mV bias. The incident power varies from 9.3 pW
to 93 pW with a 9.3 uW increment. (b) The relationship between photocurrent and
input light power based on (a).

to the electrical domain within a computing core (example schematic in Figure

5.22(b)).
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Figure 5.22: Potential applications. (a) Stable photocurrent response with different
incident optical power at A = 1550 nm. (b) Schematic for a constriction device in an
in-memory computing core. The optical power from the input port could be readout
electrically from the device without adding extra optical ports or photodetectors, which
provides in-situ feedback of the signal intensity.

According to the available literature, this is the first characterization of the
in-plane photosensitivity for an integrated nonvolatile reconfigurable photonic device.

Combining photodetection behavior and the nonvolatile reconfigurable feature in
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one cell, this design opens up new opportunities to simplify the large-footprint
electro-optical conversion for a photonic computing core, such as providing in situ
feedback of the optical signal intensity without extra area for optical monitor ports

[74] or implementing tuneable threshold detection functions.

5.6 Future Optimization

In this section, existing limitations and potential future optimizations of the
constriction-based electro-optic phase-change memristor are discussed, focusing on
three key aspects: the optical coupling structure, electrical switching performance,
and applications.

The optical coupling structure

As explained in Section 5.2.2; the MMI crossing coupling structure is designed
to create a planar device while minimizing the insertion loss. This optical coupling
structure can be further optimized to enhance the optical interaction with the phase-
change material constriction, utilizing methods such as inverse design [194].

Electrical switching performance

This constriction-based electro-optic memristor design has demonstrated excel-
lent switching energy efficiency; however, other metrics of the electrical switching
performance require further improvements, such as cyclibility and electrical switched
transmission contrast, especially when compared to more developed heater-based
technologies, which have achieved an endurance of over 1,000 cycles [162] and 4-bit
programming resolution for GST [160].

The electrically switched transmission contrast of this work could be further
enhanced with an optimized isolation layer or a better coupling structure, as
discussed in the previous aspect. The drift and noise of the device could also be

reduced with engineering efforts, such as exploiting a carefully chosen material as
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the projected layer to decouple the resistance storage and the information retrieval
process [195].

Applications

Although different implementations of integrated electro-optic memristors have
been implemented, there are not yet practical applications to make full use of the
mixed-mode readout property.

The function of electrical programming with optical readout has been exten-
sively investigated to implement electrically programmed photonic computing core,
whereas the optical programming and electrical readout properties remain under-
developed. Free-space implementations of electro-optic memristors have explored
applications such as multi-factor learning [155] and combinatorial optimization prob-

lems [196], which are still underdeveloped for integrated implementations.

5.7 Chapter Summary

In this chapter, the concept of thermal engineering is exploited to propose a
novel design for implementing integrated phase-change electro-optic memristors.
As far as is known, this is the first demonstration of integrated electro-optic
memristors to achieve dual electro-optical functionality, low-energy switching, and
potential for CMOS-compatible scaling at the same time. The electrical heat
profile of the device is confined and combined with photonics by carefully designing
the phase-change material as a self-confined nanoscale constriction. This design
achieves heat enhancement within the GST without placing constraints on the
metallic layer, making the entire process foundry compatible and scalable for future
applications. Benefiting from this thermal confinement, electrical switching has been
demonstrated with tens to hundreds of pA programming current corresponding to
ultralow electrical switching energy (sub-10 pJ), which is two orders lower compared

to heater-based demonstrations. The devices show low energy for both electrical
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(19.5 pJ) and optical switching (25.2 pJ) with readouts in both electrical and optical
domains, a strong modulation depth of 0.15 nJ/dB, and, importantly, multilevel
operation. With further efforts to improve the device performance, this work will
enable versatile electro-optical memory cells, which offer the potential for fully
integrated, energy-efficient electro-optical computing systems combining in-memory
programming and sensing abilities.

Device fabrication, characterizations and measurements were performed by the
author, as well as the simulations. The work presented in this chapter has been

published in the following article:

o Y. He, N. Farmakidis, S. Aggarwal, B. Dong, J. S. Lee, M. Wang, Y. Zhang,
F. Parmigiani, and H. Bhaskaran, "Energy-Efficient Integrated Electro-Optic
Memristors," Nano Lett. 24, 16325-16332 (2024).
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In addition to cleanroom device fabrication, well-optimized foundry manufactur-
ing through a multi-project wafer (MPW) offers improved uniformity and reliability,
making it the preferred choice for scaling up photonic integrated circuits (PICs).
Besides its availability for integration with nonvolatile phase-change material devices,
foundry manufacturing provides access to high-speed volatile optoelectronic devices.
This chapter discusses the design and basic characterizations of modulators and
photodetectors with IMEC iSiPP50G technology, compared with non-volatile GST-
based optoelectronic devices, and then provides a brief introduction to the design

of the peripheral data transceiver system utilizing RFSoC FPGA.

6.1 Foundry Run Design and Characterizations

Python-based software Luceda IPKISS has been used to design the PIC layout, ex-
ploiting the component libraries from IMEC iSiPP50G technology. Upon successful
Design Rule Check (DRC) validation, the PIC was fabricated by IMEC foundry

and later characterized by the author in the lab.
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Figure 6.1 presents the complete schematics of the PIC layout design, with
black dashed boxes that highlight the contributions of the author. Specifically,
this section discusses the design and basic characterizations of electro-absorption

modulators (EAMs) and integrated germanium photodiodes.
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Figure 6.1: PIC layout with IMEC iSiPP50G technology, including both GST- and
EAM-based matrices. Layouts designed by the author is highlighted with dashed boxes.

6.1.1 SiGe EAM characterizations

EAM components from IMEC iSiPP50G technology are germanium (Ge) devices
grown on 200 mm SOI wafers with a 220 nm-thick top Si layer. With dedicated
doping implantation for the germanium layer to create lateral p-i-n diodes, a strong
electrical field contrast (> 10 kV/cm) is realized to tilt the energy bands, thus
changing the absorption coefficient of Ge (Franz-Keldysh effect [147, 197]).

Figures 6.2(a)-(b) present the layout and optical images of EAM devices,
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designed with waveguides and AlCu contact pads. The footprint length of the
EAM component is measured as ~ 140 pum, with a ~ 40 pum long germanium
modulation region. The transmission of the device has been measured under
different bias conditions to calculate the insertion loss. When increasing the reverse
bias from 0 V to 2 V, the transmission decreases (insertion loss increases) from -2.7

dB (53.6%) to -5.1 dB (31.2%) at 1550 nm [Figures 6.2(c)].
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Figure 6.2: Characterizations for SiGe EAMs. (a) Layout of 5 EAMs with waveguides
and AlCu contact pads. (b) Optical image of the EAM device. (c¢) Transmission of the
EAM under different bias voltage, normalized to the transmission of a plain waveguide on
the same chip. Inset: cross-sectional schematic of the EAM. (d) Stable 32 transmission

levels under bias varying from 0 V to -3.2 V in 0.1 V decrements. (e) Eye diagram for the
EAM device under 3-V, 1 GHz modulation at A = 1550 nm.

Similarly, by tuning the reverse bias (Vzr), the device is programmable to differ-
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ent transmission levels. Figure 6.2(d) shows stable accessibility of 32 transmission
levels when modulating the bias from 0 V' to —3.2 V| similar to the 5-bit precision
of phase-change photonic devices [20]. Moreover, speed measurements have been
carried out. Figure 6.2(e) exhibits a clear and wide eye opening of transmission
signals when sending 1 G H z pseudo-random binary sequence (PRBS) at a voltage
swing of 3 V. The measured bandwidth is limited by the electrical bandwidth
of the photoreceiver in the lab, and the maximum bandwidth designed for EAM

is 50 GHz [147].

6.1.2 Integrated SiGe photodetector characterizations

Integrated photodetectors of the IMEC iSiPP50G technology are also based on
SiGe laterial PIN diodes, but with a longer footprint length for effective light
absorption (measured as ~ 180 um, with a ~ 80 pm-long germanium modulation

region). The calibration devices are designed with a directional coupler to split
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Figure 6.3: Characterization for SiGe photodetectors. (a) Layout of the SiGe
photodetectors with pads and waveguides. (b) Optical image of the SiGe photodetector.
(¢) Current-voltage relationship of the SiGe photodetector under different incident optical
power at A = 1550 nm.
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the output optical signal equally between the integrated photodetectors and the
output grating couplers [Figures 6.3 (a)-(b)].

The asymmetric current-voltage relationship of the photodetector and the
nonzero photocurrent at zero bias indicate that the device operates in photovoltaic
mode [Figures 6.3 (c)]. The photocurrent and responsivity of the device under
different voltage biases is calculated as shown in [Figures 6.4 (a)-(b)]. The generated
photocurrent increases linearly with the power of the incident light, and no saturation
trend is observed till an incident power of 721 uW. The responsivity of the devices

increases from ~ 0.55 A/W with zero bias to ~ 0.83 A/W with -2 V bias.
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Figure 6.4: Responsivity of SiGe photodetectors at A = 1550 nm. (a) Photocurrent of
the SiGe photodetector under different bias. (b) Responsivity of the SiGe photodetector
under different bias.

6.2 Comparison between GST and SiGGe devices

The phase-change devices proposed in previous chapters can be considered non-
volatile counterparts to the volatile EAMs, as they both modulate the amplitude
of the incident light. Table 6.1 provides a comparison between SiGe-based EAMs
and GST-based optical memristors.

Given its high bandwidth, 50 G H z or 0.02 ns refreshing time (which operates over

two orders of magnitude faster than GST-based devices), EAM outperforms GST-
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based nonvolatile devices in terms of programming energy and modulation efficiency.
Therefore, EAMs are better suited to the training of computing applications where

frequent weight updating is imperative.

Table 6.1: Performance comparison of SiGe EAM and Ge,SbyTes-based optical

memristors
. . Energy per

Active device Insertion | Programming ener modulation
Devices type Area L x W & & & | Precision (bit)

(um?) loss (dB) | (pJ) depth

g (p/dB)
SOI waveguide [179] 4.0 x 0.45 -0.236 388.4 5 780
Doped-Si heater[160] | 3.5 x 0.45 -1.78 5,200 4 1700
Plasmonic device 0.1x0.03 -3.57 3.82 >4 26
Constriction device 0.1 x 0.30 -2 25.2 (Optical) >4 (Optical) 150

0.3 x 0.30 -5 19.5 (Electrical) >2 (Electrical) | 190
SiGe EAM ~ 40 x 0.6 -2.7 0.037 5 0.010

On the other hand, nonvolatile GST-based devices are well-positioned for the
inference of computing applications, where the transmission level is required to
be held constantly and thus the static voltage configuration of the volatile EAM
devices will dominate the energy consumption. From this perspective, the two types
of devices proposed in previous chapters demonstrate superior energy efficiency

with a more compact footprint.

Table 6.2: Performance comparison of SiGe and Ge,Sb,yTez-based photodetectors

Active length | Responsivity* at £1V | Responsivity* per unit length
Photodetector type
P (um) (mA/W) (mA /W /pum)
Crystalline GST constriction 0.45 33 (200) 73 (444)
Amorphous GST constriction 0.007 (0.05) 0.02 (0.11)
SiGe ~ 80 730 (800) 9 (10)

* Stable (peak).

Similarly, Table 6.2 provides a comparison between SiGe-based and GST-
constriction-based photodetectors. SiGe devices surpass GST-based devices in

terms of bandwidth (50 GHz compared to ~ 2 M Hz [154]) and device responsivity.
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However, given its elevated responsivity per unit length, GST-based constriction

devices demonstrate potential for high-responsivity applications.

6.3 FPGA Transceiver System

For integrated circuits, the requirement of simultaneously generating and receiving
signals for multiple inputs and outputs is difficult to be fulfilled by discrete
instruments as introduced in Section 3.3. Instead, a multi-port, programmable
tool such as an FPGA board is preferred to support the versatile functionalities

required for computing cores.
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Figure 6.5: Schematics for the RFSoC FPGA. (a) High level illustration of Zynq RFSoC
FPGA (Modified from [198]) as a high-speed transceiver system for the electro-optical
computing core. Middle inset: a zoom-in optical image of a EAM-based matrix cell.
Scale bar: 50 um. Bottom inset: an optical image of the IMEC chip. The chip will be
wire-bonded onto a customized printed circuit board (PCB), which facilitates RF signal
communication with the FPGA. (b) Optical image of the RFSoC FPGA evaluation board,
with indications of the required connections.

Specifically, this section focuses on the usage of RFSoC FPGA (ZCU111

Evaulation Board from AMD), for which the analogue and digital conversion
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units are integrated with the digital programming and processing units on a single
board. The working principle of the RFSoC FPGA is briefly introduced in this
section, followed by primary function validations.

Schematics for RFSoC FPGA

Figure 6.5 presents the high-level illustrations of the RFSoC FPGA, including
three main modules: RF data converters for high-speed digital and analog con-
versions, a processing system to support software execution (e.g., in C/Python
for user interface) and digital programmable logics (PL, the core of FPGA) for
low-latency routing. By carefully programming and coordinating the three modules,
the multi-channel RFSoC FPGA is capable of transmitting electrical control signals
up to GHz for the inputs and weights of the electro-optical computing core, and
meanwhile receiving the electrical readouts [97]. An optical image of an RFSoC
FPGA board in operation is presented in Figure 6.5(b).

Function Validation

As a proof of concept, the task of transmitting and receiving sine waves is
discussed, with an oscilloscope and a function generator to simulate the data
transceiving of an electro-optical computing core.

Figures 6.6(a)-(b) illustrate the working principle of the RF data converters.
Customized waveform data (sine wave in this task) are programmed in the PL or PS
module, upconverted to the required transmission frequency exploiting interpolation
and a frequency mixer, and then converted to analog for transmitting. Similarly,
readout signals can be converted into the digital domain and then downconverted to
the operation frequency of the PL with appropriate mixer frequency and decimation
factors. Figure 6.6(c) presents the oscilloscope-recorded transmit signal, with a
3 dB bandwidth of 1 GHz. Sine waves, with a frequency of 150 MHz limited by
the function generator, are also properly received by the RF-ADC as shown in

Figure 6.6(d).
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Figure 6.6: Sine wave transmission and reception via RFSoC FPGA. (a)-(b) The block
diagrams of RF-DAC and RF-ADC. PL: programmable logic. Based on [198]. (¢) RFSoC
FPGA transmitted 100 MHz sine wave monitored by oscilloscope. Inset: frequency
response of the RFSoC FPGA measured with sine waves of different frequencies. (d)
RFSoC FPGA received 150 MHz sine wave from the function generator. LSB: least

significant bit.

With further efforts to program the RFSoC FPGA for implementing versatile
functions [199], the performance of nonvolatile GST-based and volatile EAM-
based computing systems can be experimentally compared from a system per-

spective.

6.4 Chapter Summary

In this chapter, by exploiting a foundry-fabricated integrated photonic chip, the
performance of integrated volatile modulators and photodetectors is experimentally
compared with those of the aforementioned GST-based nonvolatile devices. Further,

the development of a data transceiver system based on RFSoC FPGA is introduced
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with validation of primary functions.
SiGe devices were fabricated by the IMEC foundry. The layout design, mea-
surements, and analysis have been performed by the author, with the guidance of

Bowei Dong on the eye diagram measurements.
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Conclusion and Outlook

7.1 Conclusions

In this thesis, two types of electro-optic devices have been developed to address
the challenges of building energy-efficient electro-optical computing systems on
SOI platforms.

First, plasmonic phase-change devices have been achieved on a SOI platform
with a compact footprint. Exploiting an optimized corrugated grating design and a
self-aligned fabrication process, the devices have demonstrated high mode-coupling
efficiency with an ultra-low optical switching energy of less than 4 pJ, which is
lower than both previous silicon-based phase-change devices and comparable devices
on Si;N, platforms.

Next, a novel non-plasmonic electro-optic memristor has been experimentally
demonstrated by structuring the phase-change material as a constriction structure.
As far as is known, it is the first experimental demonstration of integrated electro-
optic memristors with dual electro-optical functionality that provides the potential
for CMOS-compatible scaling. This design places no constraints on the metallic
layers and achieves a high electro-optical modulation efficiency of 0.15 nJ/dB.
Moreover, the in-plane photosensitivity of the device complements its non-volatile
reconfigurability, unlocking new possibilities in energy-efficient electro-optical sys-
tems that combine both in-memory programming and sensing abilities.

Finally, system integration of electro-optical computing units has been explored,

exploiting a foundry-fabricated integrated photonic chip. The performance of
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integrated volatile SiGe-based optoelectronic devices has been compared to GST-
based nonvolatile optoelectronic devices, highlighting their respective advantages
in different applications. The development of a data transceiver system based on
RFSoC FPGA is further discussed, paving the way for the integration of compact

electro-optical computing systems.

7.2 Outlook

The field of photonic computing has witnessed rapid advancement during the course
of this thesis, with novel insights from both academia and industry. Following current
achievements discussed in this thesis, potential future development directions are
highlighted in this section from the perspective of materials and applications.

Emerging materials

As reviewed in Chapter 2, four types of materials, i.e. metal-oxide, magnetic,
phase-change or ferroelectric materials, have been commonly used as electrical
non-volatile devices, however, only phase-change materials have been widely used
in photonic platforms.

Recently, emerging materials, such as BaTiO; thin films[200], Al-doped HfO,
(HAO) [201, 202] and cerium-substituted yttrium iron garnet (Ce:YIG) [203], have
been explored to implement photonic components. These ferroelectric or magneto-
optic materials unlock additional benefits for photonic computing systems, including
excellent endurance (2.4 billion optical programming cycles [203]) and ultra-low
programming energy (143 fJ/bit or 275 £J/dB [203]). Moreover, conductive-filament-
based resistive memristors have been recently combined with ring modulators to
implement non-volatile photonic memory, offering low switching energy (0.15 pJ) and
fast switching speed (300 ps) [204]. Meanwhile, novel phase-change materials such
as antimony (Sb) [205-207] and antimony selenide (Sb,Ses) [105, 208] stand out as

promising candidates for integrated non-volatile optoelectronic devices, supporting
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fast programmability (subpicoseconds) and low absorption loss at telecommunication
wavelengths, respectively.

The metrics and analytical methods discussed in this thesis for devices based
on Ge,Sb,Te; also apply to devices based on the above emerging materials. With
careful material engineering, fast, low-loss, high-endurance, and energy-efficient
integrated non-volatile optoelectronic devices can serve as critical building blocks
for future computing systems.

Novel applications

The computing applications mentioned in this thesis are primarily related to
neural networks, incorporating two equally critical units of distinct functions: linear
matrix-vector multiplications (MVMs) and nonlinear activation functions. While
passive, high-bandwidth in-memory photonic computing cores are well-positioned
solutions for implementing linear MVMs in hardware, implementation of nonlinear
activation functions are still dominated by power-intensive electronics, primarily
in silico.

Efforts have been made to explore integrated programmable electro-optical [75,
209, 210] or all-optical [211, 212] nonlinear units; however, challenges remain in
managing the trade-off between speed and energy overhead from optoelectronic
nonlinearities, as well as the limited cascadability of weak all-optical nonlinearities.
As a result, practical advantages of photonic computing cores are still limited
within combinatorial optimizations [213, 214], where the requirements for nonlinear
activation functions are relatively less critical compared to applications related
to deep neural networks.

Meanwhile, endeavors have been devoted to interconnect applications [215].
High-bandwidth and low-latency optical interconnects have been widely employed
for data centers, while the current wave of interest has extended the applications

of optical interconnects to chip-to-chip or even on-chip communication[216, 217].
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With energy-efficient non-volatile properties, low-loss phase-change photonic devices

[105, 208] also emerge as appealing candidates.
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