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measurements. The incident angle 0i = 5°. The reflection angle 6,=25°.
(b) Measured and (c) simulated reflection first-order diffraction
spectra of the laser inscribed ChG grating (a-GST) has the lattice
constant of 17 um (red curve) and 14 um (blue curve). The GST strip
width is 8 um for both devices. The laser energy levels are 25~26 pJ
(level Il in Figure 6.6(a)). Insets in (b): microscope images of a
correspondent device (Scale bar: 10 um). Inset in (¢) Cross-sectional
optical mode profile near the edge of the grating. (d) Measured and (e)
simulated first-order diffraction spectra before and after GST phase
change for the grating with a lattice constant of 14 pum, fabricated with
laser energy of 25 pJ. Insets in (d): Cross-sectional schematics of the
laser-patterned GST grating before (red curve) and after (blue curve)
baking at 200°C. The light and dark grey represent the a- and c-GST
regions, respectively. Reprinted/Adapted with permission from [25] ©
Optica PUBIIShING GroUP. ....ccveiiiiieieieee e 114
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ABSTRACT

Silicon (Si) photonics offers great opportunities for on-chip optical
interconnects, optical communications, signal processing, and sensing for its
advantages of complementary metal-oxide semiconductor (CMQOS)-compatibility,
high yield, low power consumption, and high data rates. However, conventional Si
photonics components may have bottlenecks due to the limited material property of
silicon for high-speed, high efficient, and tunable operations. Also, the performance
reliability of silicon devices under harsh (such as cosmic) environments is unknown.
This thesis focuses on a few topics addressing those concerns. First, it evaluates the
performance change of silicon Mach-Zehnder Modulators after cosmic radiation,
laying a fundamental step for future deploying silicon based on chip optical
communications in aerospace. Then, the hybrid integration of low-dimensional
materials on silicon is demonstrated for high-speed optoelectronic devices and all-
optical trimming devices. Last, direct laser writing technique is proposed to have
direct patterning and material phase change on some thin film materials for low-cost

and mask-free device patterning and tunable device applications.
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Chapter 1

INTRODUCTION

1.1 Overview

The tremendously increasing needs for data require a rapid evolution of optical
communications for a higher data transmission capacity [1]. This makes the
conventional fiber-optic communication systems reach the bottleneck for the
increasing needs. Utilizing the CMOS manufacturing processes, photonics integrated
circuits (PICs) can provide high yields and large-scale integration of components in
photonic circuits.

Silicon (Si) photonics is the optical analogy of microelectronics. Using mature
CMOS-compatible technology, complex structures could be created, thereby leading
to orders-of-magnitude reduction of communication system components in size,
power, and cost [2]. The generation, processing, and transmission of optical signals on
silicon platforms are extensively studied and developed for various low loss, low
power consumption, and high-speed optoelectronic applications. It has been
recognized as an advanced technology for applications of data-center communication,

Aerospace communication, LIDAR, sensing, imaging, etc. [3]

1.2 Motivation and challenges
For the application scenario of aerospace communication, conventional
microwave/RF communication has limited data rates and relatively large transceiver

components, high power consumption, and cost [4]. For future improving



communication speed and quality, the next generation of on-chip silicon optical
communications with the advantages of compact size, low weight, and high speed is
necessary to be deployed [4]. While in an aerospace environment, cosmic rays and
ions may have radiation effects to affect the performance of chip-scale silicon
photonic devices. The performance reliability of silicon photonics after real cosmic
radiation is unknown and needs investigation.

With the increasing need for more data, high-speed optical transceivers in data
centers are fast developing and in high demand. High-speed modulators and
photodetectors are important modules in optical transceivers. Using CMOS
technology, silicon photonics brings benefits of high yields, low-cost and high
integration to photonic integrated circuits. High-speed devices such as modulators and
photodetectors based on silicon photonic platforms are highly developing. For the
intrinsic material properties of silicon, it has some inherent limitations for
optoelectronic applications. Such as silicon modulators, its modulation efficiency is
limited by the nonlinear carrier plasma effect [5][6]; and high-speed response is
limited by the RC constant and the limited hole and electron mobility. Design
tradeoffs exist in the performance matrix of silicon modulators [7]-[10]. For carrier
depletion-based high-speed modulators (such as Mach-Zehnder modulator), to reduce
RC constant for high-speed, decreased doping levels in p-n junction may reduce
capacitance and loss, but the resistance will be increased [9]. For micro-ring
modulators, to achieve reduced RC constant for high-speed response and high
modulation efficiency, increasing the doping concentration of p-n junction is desired,
but with the penalty of reduced quality factors and loss [10]. Seeking alternative ways

that are capable of high-speed operation is in demand.



Introducing novel materials with unique properties is one of the promising
options to improve the performance of silicon devices. Low-dimensional materials are
a type of crystals that are covalently bonded in-plane and held together out-of-plane.
Emerging low dimensional materials with different bandgaps spanning from metals to
semiconductors and insulators make them interact with light over a very wide range of
the electromagnetic spectrum from visible, to infrared, even to microwave regimes.
Those materials are easily transferred to photonic structures (e.g., waveguides,
cavities) to enhance the light-material interactions. Vertical hetero-structure can be
constructed by transferring different materials on silicon [11].

Graphene (G) is two-dimensional (2D) material which attracts tremendous
research attention owning to its unique properties such as high mobility, good thermal
conductivity, etc. As the zero-bandgap material, it’s able to interact with light from
microwave to ultraviolet wavelengths, making it very promising for light detection,
modulation, etc [11]. Research work has demonstrated its intrinsic bandwidth of up to
500 GHz due to its high mobility [12]. By tuning its Fermi level and carrier density,
Graphene can work as a modulator [13]. There are many works for G-based
modulators, most of them using the carrier accumulation scheme in which an oxide
layer is placed between an optical waveguide and graphene [14][15][16]. This can
largely accumulate carriers to have high modulation efficiency but suffers from
limited bandwidth due to the large capacitance from the oxide layer. There are spaces
(e.g., change hybrid device configuration other than carrier accumulation scheme) to
improve for high-speed G-based modulators [17].

Nanofabrication-induced random variation brings unwanted resonance

deviation of silicon (Si) microring resonators (MRRS) that limits the applications of



modulators and lasers in photonic integrated circuits. Conventional resonance tuning
methods such as using phase change materials, material strain, carrier injection, and
thermal tuning may have the limits of extra loss, inefficient tuning, or large device
footprint [18]-[21]. With unique properties such as potential photocatalytic reactions,
2D materials can be easily integrated on CMOS-compatible silicon platforms and can
be tuned the response. Group VI element tellurium (Te) with one-dimensional chiral
atomic structure has recently received a broad range of attention from electronic,
optoelectronic to piezoelectric applications. Especially, the reduced number of layers
and van der Waals structure significantly modify the band diagram and enable novel
optical nonlinear responses. The potential photocatalytic reactions of Tellurium
integrated on a silicon platform to tune the optical response of resonators need to be
investigated.

There is an increasing need for low-cost and versatile micro-device fabrication
and material processing. By controlling the dosage, the nanosecond pulsed laser can
interact with materials with photo-thermal process-enabled ablation patterning and
non-thermal melting-based phase change. A direct laser platform should be proposed

to have a low-cost and mask-free fabrication process and material processing.

1.3 Thesis outline and original contribution

To address the challenges mentioned in the previous section, this work mainly
focuses on a few topics related to silicon photonics and applications of laser writing
technique: the performance evaluation of silicon modulators after cosmic radiation;
materials (graphene, tellurium) hybrid integration on a silicon platform for high-speed

optoelectronic devices and all-optical applications. At last, the laser writing technique



for micro-device patterning and material phase change has been demonstrated.
Specifically:

Chapter 2 mainly introduces fundamentals related to research topics, including
a few active and passive components in silicon photonics, such as Mach-Zehnder
interferometers, ring resonators, and modulators. Low-dimensional materials (such as
graphene, Tellurium, and phase change materials) with unique properties are
introduced since they may bring advantages and opportunities for functional electro-
optical devices, all-optical devices, and reconfigurable devices. The mechanism of
laser material interaction is also presented to utilize the direct laser writing technique.

Chapter 3 investigates the monolithic silicon modulators against cosmic
radiation. After nearly 1 year of cosmic radiation in low earth orbit, device
performance was compared and evaluated with the same device from a different die
before radiation. The portion of devices which are able to work is investigated. The
increased refractive index of silicon increased dark current in p-n junction, reduced
carrier recombination lifetime, and improved 3dB bandwidth of high-speed response
are observed after radiation.

Chapter 4 focuses on the small signal analysis of graphene silicon junctions for
optoelectronic applications, and also numerically proposes a device architecture of
direct contact graphene silicon modulators. For direct contacted graphene silicon
heterogeneous junction, the voltage-dependent variation of multi-junction in the
hybrid Graphene-Si p-i-n junction is investigated by fitting the small-signal model to
the broadband RF response. The results are compared with the simulated built-in
electric field distribution to analyze the junction variation and potential RC constant. It

shows that the forward bias through the Si p-i-n junction substrate can alter the G



doping levels and vertical built-in electric field on the G-Si interface. Additionally, the
fitting results show a very small RC constant for the potential high bandwidth of the
hybrid device’s photoresponse.

Based on the configuration of the directly contacted G-Si hybrid structure, the
device architecture of G-Si modulators is numerically investigated. This device
configuration enables the modulation of graphene’s carrier density by the silicon layer.
Also, the out-of-plane built-in electric field enables the reduced RC constant and
ultrafast carrier transportation in G between G-Si interface for high efficient and high-
speed operation. By optimizing doping profiles in Si and graphene contact region,
photonic crystal (PhC) waveguide-based Mach-Zehnder modulator (MZM)
numerically shows a very low VL and fast high-speed response for efficient and
high-speed modulator applications.

Chapter 5 investigates the photorefractive response of one type of low-
dimensional materials: Tellurium (Te). Tellurium was predicted to have large optical
nonlinearities (such as second-order susceptibility), but there are very few works to
experimentally show other nonlinear responses for thin film. The Tellurium flake is
integrated into a silicon ring resonator with low loss and high-quality factors to probe
the nonlinearity. A significant photorefractive effect was discovered. As the optical
input signal is increasing, the resonance of Te integrated silicon ring resonator has a
blue shift, indicating the decreased effective index. Raman spectrum showed that laser
irradiated Te samples have partial oxidization to TeO> which has a smaller refractive
index, leading to resonance blue shift. This material may be used for wavelength

trimming of fabrication-induced resonance randomness in photonic circuits.



Chapter 6 demonstrated a laser writing platform for micro-device patterning
and material processing. By using a nanosecond laser with controllable dosages, it is
able to achieve the low-cost, mask-free micrometer-scale device patterning and
enables the phase change on some chalcogenide material (Ge>Sb.Tes). By using the
phase change nature of chalcogenide materials such as Ge>Sh.Tes, tunable devices are
demonstrated.

Chapter 7 summarizes this dissertation and provides some thoughts for future
research.
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Chapter 2

RESEARCH FUNDAMENTALS

2.1 Some components in silicon photonics

There are many active and passive components of different functionalities in
the silicon photonic platform. Passive components (such as couplers, waveguides, and
converters) are used for optical signals inputs/outputs, routing, filtering, mixing, and
polarization control [1]. Active components (such as lasers, modulators, and
photodetectors) are used for generating, modulating, and receiving optical signals.
Modulators and photodetectors are available through the CMOS-compatible doping
process and Ge-on-Si epitaxy [1]. These passive and active functionalities are
implemented monolithically by multiple process steps on SOI wafers, usually,
including multi-level (partial and full) deep UV photolithography, etch of silicon thin
films, ion implantation for multi-level p-type and n-type doping, germanium
deposition on silicon, etching, and implantation for photodetectors, multilevel metals,
oxide deposition, and deep trench for edge coupling [1]. In this chapter, some
commonly used components related to the thesis contents will be introduced, such as
Mach-Zehnder Interferometer (MZI), Micro-ring resonator (MRR), and silicon

modulator.

2.1.1 Mach-Zehnder Interferometer
Mach-Zehnder interferometers (MZI) are widely used in photonic integrated

circuits acting as phase shifters, switches, filters, and modulators. An MZI is formed

12



by splitting the optical signal from a common source, guiding light in two paths that

generate phase shifts, and then recombining the light (Figure 2.1).

splitter f combiner

Figure 2.1 Schematics of a Mach-Zehnder interferometer. It consists of a power
splitter, two arms with a length difference, and a power combiner.
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Figure 2.2  Normalized Transmission spectrum of a Mach-Zehnder interferometer.

The normalized transmission of an MZI is shown in Figure 2.2. Some

parameters are introduced below:
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Free Spectral Range (FSR) is the spacing in optical frequency or wavelength between
two successive reflected or transmitted optical intensity maxima or minima of an

interferometer. It is determined by:

/12
FSR = —, (2.1)
ngL
where L is the effective length, ng is the group index.
dn
ng =n—/10d—l0. (22)

Extinction Ratio (ER) is the ratio of the peak transmission power to the minimum

transmission power, and usually is reported in dB:
T,
ER[dB] = 1010g10( "“”). (2.3)

Tmin

Full width at half maximum (FWHM) is defined as the width of the wavelength range

where the signal power drops to 3 dB (half of the maximum value).

2.1.2 Micro-Ring Resonator

Micro-ring resonators (MRR) are one important building block in PICs for
various applications, such as switches, filters, sensors, modulators, etc. The schematic
of an all-pass micro-ring resonator is shown in Figure 2.3. The two coupling
parameters are defined as the self-coupling coefficient t and the cross-coupling
coefficient x. In a real scenario, the micro-ring resonator has internal loss due to

waveguide propagation loss and bending loss, which are defined as intrinsic losses (a).

Figure 2.3 The schematic of an all-pass micro-ring resonator and some important
parameters.
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For a symmetric and reciprocal matrix where the coupling is lossless, the
following equation is satisfied:

t?+Kk*=1. (2.4)

Another important parameter is the quality (Q) factor. It is generally defined as

the ratio of energy stored to the power loss per optical cycle,

Stored Ener
0=w 9y (2.5)
Power loss

The higher the quality factors are, the lower the losses in the micro-ring
resonator due to round-trip loss, including coupling, bending, and scattering losses.

Specifically, it can be characterized by the energy decay rate:

Q=2 25)
v’ '
where y is the photon energy decay rate.
Additionally, the Q-factor can be calculated using the full-width half maximum

(FWHM) of the “dip”:
ATBS

FWHM"

Q= (2.6)

The quality factor is related to the intrinsic quality factor (Qin) and coupling

quality factor (Qc):
1 1 1

Q0 0m O

where Q. is dependent on the external coupling, Qin is inversely proportional to the

(2.7)

intrinsic loss rate (yin). The intrinsic Q-factor (Qin) of a micro-resonator is determined

by:
1 1 1 1

On Q0w

where Qr, Qs, and Qm account for the Q-factor limit due to radiation loss, scattering

(2.8)

loss, and material loss, respectively.
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A matrix equation can be used to describe the basic properties of an all-pass
micro-ring resonator. The two coupling parameters are the through coefficient t and
cross-coupling coefficient «. Ei1 is the field incident into the input waveguide, and the
output field is Ext. The field coupled to the ring waveguide is Eij, and the field coupled

back towards the straight waveguide is Ej>. The transfer matrix can be written as

o it A 29)

The field propagating inside the ring can be written as:

follows:

E;, =ax*e J9F,, (2.10)
where « is the round-trip loss factor, @ is the round-trip phase shift.

The transmission equation is derived as:
012
Pie  |Eyl? |t—a*e"19|
Py |Eyl? [1—axtxe 92

(2.11)

Based on the two types of losses, the following three coupling mechanisms are
categorized:

Under coupled (a>«x): The light coupled to the micro-ring is smaller than the light
transmitted to the through port. This condition can be achieved by increasing the gap
size between the bus waveguide and the micro-ring.

Critically coupled (a=x): it is obvious that the transmitted power in this case is zero
due to destructive coupling, as the light coming out of the micro-ring is 180-degree
phase-shifted from the incoming light. Here the light is completely coupled to the
micro-ring, and no light is transmitted to the through port.

Over coupled (a<x): Here the light coupled to the micro-ring is greater than the light
transmitted to the through port. This condition can be achieved by reducing the gap

size between the bus waveguide and the micro-ring.
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2.1.3 Modulators

Modulators are one important building block in Photonic integrated circuits. It
modulates the optical carriers to higher frequencies for various advanced modulation
formats for efficient and high-capacity transmission in fiber systems [1]. Modulation
is achieved by changing either the real or the imaginary part of the refractive index by
applying an external excitation to the optical field. As some contents in this thesis
focus on silicon modulators, the modulation mechanism in silicon will be mainly
discussed here.

Modulation in silicon is determined by the plasma dispersion effect [4][5]. The
changes in carrier densities (electrons and holes) will lead to changes in the refractive
index (both real and imaginary parts). Their relationship is shown below: [5]

An(1550nm) = —[8.8 x 10722 x An, + 8.5 x 10718 x (An,)°%], (2.12)

Aa(1550nm) = 8.5 x 10718 x An, + 6.0 x 10718 x Any, (2.13)

where Ane and 4nn are the changes in the electron and hole carrier concentrations,
respectively.

There are three types of modulation schemes: carrier accumulation (in a MOS
capacitor structure), carrier injection (in a forward-biased p-i-n junction structure), and
carrier depletion (in a reverse-biased p-n junction structure) (Figure 2.4) [2][6]. Carrier
accumulation in MOS capacitors can achieve high modulation efficiency, but the high-
speed response is limited by the high capacitances from a thin oxide layer. Carrier
injection can provide the most efficient modulation, but it is hard to achieve high
speed because it suffers from high junction capacitance and slow free-carrier
recombination. Finally, carrier depletion has a low modulation efficiency but can
achieve high-speed performance by optimizing doping profiles to reduce the junction

capacitance.
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_____ Depletion area

Figure 2.4  Silicon modulators of different types: (a) Carrier accumulation, (b)
carrier injection, (c) carrier depletion schemes. [2]

The complex refractive index n can be expressed as:
n=n+jxk, (2.14)
where n is the real part, and Kk is the extinction coefficient. The absorption coefficient a

from the extinction coefficient is given by:
4tk

a = /1_0 (215)

Some important parameters of modulators will be introduced as follows:
VL. Under the condition that the device achieves a m phase shift, the product of
applied voltage and the length to achieve the m phase shift is defined as V.L. The

smaller the VL is, the higher modulation efficiency the modulator has,
An Vio)2mL
A(p _ eff( n) -

» (2.16)

Insertion loss (IL). The insertion loss is the ratio of the peak normalized transmission
and the ideal transmission. The quantity is reported in dB.

IL = —10log1o(Timax), (2.17)

IL[dB] = Pinapm — Pmax,asm. (2.18)

Modulation bandwidth: The cut-off frequency corresponds to the modulation

sideband power which is reduced to 3 dB from its maximum value.
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When applying an RF signal to the optical carrier, the optical sideband signal
is generated (Figure 2.5). The optical sideband power is one important figure of merit
for high-frequency operation. The relative power of the sidebands is directly related to
the modulation frequency. The envelope of sideband intensities is the high-speed
modulation response.

Optical

lower carrier
sideband sideband

N\

®p-0y, Do ONREOM
Frequency

Intensity

Figure 2.5 Modulation scheme of high-frequency RF modulated signal (wm) applied
on an optical carrier (wo).

The bias condition for the MZM should be carefully selected based on the
application. For analog high-speed measurement, a quadrature biasing point should be
chosen for the most linear operation so that the largest change in the output signal is
achieved for a small input signal. This operating point can be controlled by applying a
DC bias voltage, which also locks the modulator at the specific stable operating
wavelength and prohibits transmission spectrum drifting during operation. The
quadrature biasing point is the voltage required to achieve an odd multiple of /2

phase difference.
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Figure 2.6 Transmission of the Mach-Zehnder modulator (MZM) and location of
three different bias conditions.

The 3 dB bandwidth of silicon Mach-Zehnder modulators is dependent on the
total time constant, which is limited by RC constant and carrier lifetime

(recombination lifetime or transit time-dependent) : [4][6]-[8]

0.55
faaz = — (2.19)
1 1 1 1
=5 +—. (2.20)
T Trc Trec Ter

2.2 Low Dimensional materials

With the rapid development of silicon photonics technology, the performance
bottleneck of each device component gradually appeared. For example, silicon
modulators’ modulation efficiency is limited by the nonlinear carrier dispersion effect
in silicon, also the high-speed performance is limited by the limited hole and electron
mobility. For carrier injection-type modulators, it will encounter extra loss due to the
carrier dispersion effect when applying a forward bias. Silicon is not an ideal

candidate for photodetectors due to limited absorption. Monolithic silicon is not
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suitable for lasers as its indirect bandgap. To integrate other materials with different
electronic and optical properties on silicon is one promising option.

Since monolayer graphene was first discovered in 2004, low-dimensional
materials have been widely studied and brought many opportunities due to their
diverse electronic and optic properties. They can range from insulators (e.g.,
hexagonal boron nitride (h-BN)), and semiconductors with various bandgaps (black
phosphorous, transition metal dichalcogenides (TMDCs), e.g., MoS»), to semi-metal
graphene [9]. They show many complementary and unique characteristics including
broadband absorption, ultrafast carrier mobility, strong nonlinear effects, and
compatibility for hybrid integration [10]. They could provide a wide range of options
for optoelectronic devices and fulfill the request of emerging photonic applications.

One effective way to interact with light is to integrate the low dimensional
materials with photonic structures. Based on the CMOS platform of silicon photonics,
the hybrid integration of low dimensional materials is promising for future on-chip
optoelectronic devices to achieve higher device densities, lower power consumption,

and faster response.

2.2.1 Graphene

Graphene is a two-dimensional (2D) material made of carbon atoms arranged
in a hexagonal shape (Figure 2.7(a)). It is a semi-metal with zero bandgaps (Figure
2.7(b)). It has attracted a lot of research attention as it could interact with light from
microwave to ultraviolet wavelengths, making it a potential candidate for light
detection, modulation, and manipulation over a wide spectral range [9]. Due to its high
carrier mobility (up to 10° cm? V-1s1), this also makes it a promising candidate for

high-speed optoelectronic devices [11].
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(semimetal) Graphene: zero-gap

Energy (eV)

Figure 2.7 (a) Top view of Graphene atomic structure. (b) Band diagram of
monolayer graphene [9].

2.2.2 Tellurium

As graphene lacks a bandgap, it’s not ideal for field-effect transistors (FETS)
made of graphene to effectively switch on/off. Materials with different bandgaps are
desired to study a wide range of applications. For example, Transition metal
dichalcogenides (TMDCs) are a type of material with sizable bandgaps around 1-2 eV
and are promising for new FET and optoelectronic devices [19] [9].

Except for TMDCs, another promising low bandgap material Tellurium (Te)
will be introduced and studied in one Chapter in this thesis. Tellurium is one Group VI
element with an unintentionally p-type doped narrow bandgap (Eq almost direct of
0.35 eV) (Figure 2.8) [20]. The bandgap is layer dependent to increase up to 1 eV
when the thickness reduces to monolayer (Tellurene). Researchers found out that it has
higher hole mobility (up to 700 cm? Vs71) than black phosphorus and is very stable
at room temperature for a long time [21]. Its unique chiral chain structure makes it
promising for next-generation electronics, optoelectronics, strong optical nonlinearity,

chirality, and piezoelectric applications.
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Figure 2.8 Group VI element Tellurium and its structure.

2.2.2.1 Transfer of Te flakes

As one Chapter in this thesis will focus on studying Te nonlinearity by using a

-

silicon photonic platform, the transfer process is presented here.

After the hydrothermal synthesis [21], Te flakes can be transferred in the
solution (wet transfer) (Figure 2.9). Take 5 mL raw solutions into the tube and use the
centrifuge to precipitate the solution at 3000 r.p.m for 10 mins. Then remove the upper
layer of liquids and use DI water to rinse a few times to remove any ions remaining in
the final product. The Langmuir-Blodgett (LB) process can be followed to transfer the
flakes on the chip. Use a plastic transfer pipette to absorb a few drops of solutions and

release them onto the surface of the water in a bowl. The Te flakes will be floating on

the surface of the water. And use the chip to scoop up the flakes.
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Figure 2.9  Tellurium wet transfer schematics.

The wet transfer method sometimes is not ideal because there would be a
random distribution of multiple Te flakes on one device to cause large loss due to
material absorption (Figure 2.10). Te flakes on the waveguide would induce very

significant loss.
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Figure 2.10 Examples of multiple Te flakes on one ring resonator after wet transfer.

To have the determined transfer of one desired Te flake on the desired position
of the device, the dry transfer method is proposed. Below is the process for the dry
transfer method:

(@) Take one droplet from tellurium raw solutions to drop on one synthesized
transparent PDMS (Figure 2.11(a,b)).

(b) After drying the droplet at room temperature for a few minutes (Figure 2.11(c)),
face down the PDMS side with tellurium flakes and fix the PDMS on the
bottom side of a glass slide through clips (Figure 2.11(d)).

(c) The clips are fixed on one xyz motion stage which can control the direction
and position of the Te samples. The PDMS with Te flake is illuminated and
reflected to the camera to have real-time imaging. The open-window silicon
photonic sample (face up) is put on one xyz stage with a heating function.
Move the xyz stage that holds the silicon photonic chip under the microscope
to align the desired silicon device in the center of microscope imaging. Choose
one desired Te flake from the microscope imaging, then move the PDMS/Te
sample through the xyz stage to closely approach and target one desired Te
flake on the desired silicon device. Low down the xyz stage which holds the Te
sample until its contact with the silicon device (Figure 2.11(e)).

(d) Launch the heating stage at about 70°C and heat for about 10 mins to release
the Te flake onto the silicon device. After Te falls, raise the xyz stage with the

PDMS and take the hybrid Te silicon sample for usage (Figure 2.11(f)).
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Figure 2.11 Dry transfer method for Tellurium thin film on silicon devices.

2.2.3 Phase change materials

Phase change materials (PCMs) are one kind of material that can be rapidly
and reversibly switched between amorphous and crystalline states (Figure 2.12)
[22][23]. The optical and electronic properties of the amorphous and crystalline states
differ tremendously [25][24]. The complex refractive index of amorphous and
crystalline states GexSh,Tes is shown as an example in Figure 2.1. Under certain
stimuli, if the phase change only occurs when the stimulus is turned on, then it is
called volatile (e.g., VO3). Alternatively, if the material can keep the switched state
even after the external stimulus is turned off, then it’s called non-volatile (e.g.,
GexShoTes) [23]. Such as Ge>ShoTes, the two phases have large optical index contrast

(Figure 2.13) and have a wide range of applications in photonics, including
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optoelectronic storage and display systems, optical switches, reconfigurable devices,
photonic in-memory computing, etc. [23][24][27][28][29]

Amorphous Crystal

Ge,Sb,Te; @ Ge or Sb @ T @ Vacancy

Figure 2.12 Schematic of structural transformation in the phase change between
amorphous and crystalline states for PCM Ge>SbTes. [22]
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Figure 2.13 Complex refractive index of a-GST and c¢-GST as a function of
wavelength for PCM GezShoTes. [25]
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2.3 Direct Laser writing technique

Direct laser writing (DLW) with various pulse durations and intensities can
interact with materials to provide flexible and low-cost ways for versatile mask-free
patterning and material processing (Figure 2.14) [30].

Upon pulse irradiation, the material experiences several regimes: carrier
excitation, thermalization, carrier removal, and thermal and structural effects (Figure
2.15). The fs- and ps- pulses with high peak pulse energies can deliver energy to the
material on a timescale shorter than the electron—phonon coupling relaxation time to
cause nonlinear and multiphoton absorption. During multiphoton absorption, bonds
between electrons in the irradiated sample are directly broken to cause the non-thermal
process. The ns- and ms- pulses interacting with materials will have the photo-thermal
process to ablation and melting effects. [31]

By controlling the pulsed laser intensities and pulsed repetition rate, it is able
to have the photo-thermal effect and less thermal effect which leads to ablation-based

patterns and material phase change, respectively.

pulsed
laser

—/

sample

Figure 2.14 Schematics of direct laser writing on a sample to create patterns.
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Figure 2.15 Timescales of four electron and lattice excitation regimes following
ultrafast laser semiconductor interaction. For each process, the green bars
represent a range Figure of time durations for carrier densities varying
from 10%" to 10?2 cm3,[31]
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Chapter 3

PERFORMANCE EVALUATION OF SILICON PHOTONIC MACH-
ZEHNDER MODULATORS AFTER COSMIC RADIATION

3.1 Background and motivation

Free space optical communications (FSOC) will be playing an important role
in future space communication systems and networks. Optical communication links
with high data rates and low latency between ground stations, satellites, and
International Space Station (ISS) are preferred over conventional radio frequency (RF)
systems [1]. Silicon photonics (SiPh) technology is rapidly developing and used in
optical communications for its low cost, high yield, low power consumption, and
high-speed merits. Consequently, it may be widely used in space optical
communication in future. However, cosmic rays in space (e.g., alpha, gamma rays)
have radiation effects. The reliability and robustness of silicon photonics integrated
circuits (P1C) under the real cosmic environment are unknown and challenging.

Previous in-lab studies show that radiation effects could cause ionized
radiation or displacement damage to affect material properties and device performance
[2]-[12]. Specifically, ionization damage could generate charges to change the free
carrier densities, and create traps between the silicon and silicon dioxide interface [2]-
[5][12]. Displacement damage could induce lattice defects and reduce carrier lifetime
in materials [6][7]. In the real cosmic environment, the radiation effects may be

complicated and are contributed by different kinds of rays (alpha, gamma) and ions
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together. This work’s aim is not to distinguish the effect coming from one certain ray
or ion but only focuses on the permanent change of silicon device’s performance after
real cosmic radiation that may contain all possible rays and ions. In addition, no work
has studied the high-speed response of silicon devices after real cosmic radiation. This

work will demonstrate the change in high-speed response after cosmic radiation.
3.2 Radiation effect on the performance of silicon Mach-Zehnder Modulators

In our work, we sent our foundry fabricated PIC chips containing silicon
Mach-Zehnder Modulators (MZM) for cosmic radiation evaluation. The chip was
mounted on the RAM side (forward direction) of ISS for over 10 months (about 180
million miles) of radiation exposure in low earth orbit (LEO) (Figure 3.1(a)(c)). The
time-varying Galactic Cosmic Ray (GCR) Dose and South-Atlantic Anomaly (SAA)
Dose were recorded by the Radiation Dosimetry on the ISS (Figure 3.1(b)) [13]. The
MZM has two arms with a length difference of 42 um (Figure 3.1(c)). The P and N
regions in the waveguide have doping densities of 6x10'" cm= (Figure 3.1(d)). And
heavily doped regions P++ and N++ have doping densities of 1x10%° cm™ to form the
ohmic contact (Figure 3.1(d)) [14][15]. The effective electrical length of p-n junction
is about 5 mm. Before and after launching (referring to pre and post-flight in the
text), device performance, including optical transmission spectra, the electrical
response of p-n junction, EO response, and the high-speed response of MZMs for the
same device on a die were tested and analyzed. The radiation effect was studied from
the device aspect, especially the permanent performance change of each response for

MZMs.
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Figure 3.1 (a) Schematics of SiP chips mounted on the RAM side (forward
direction) of ISS for cosmic radiation. (b) The time-varying radiation
dosage diagram. (c) Optical image of one silicon MZM chip. (d)
Schematics of MZM structure (top view, from the dashed frame in (c)),
and electrical doping profiles of a silicon p-n junction of waveguide (the
cross-section view from the dashed line in (c)).

3.2.1 Optical transmission of silicon MZMs

Optical transmission spectra were tested and compared for the same device on
the same die before and after radiation. One example of MZMs with a significant
change in the transmission spectra was shown in Figure 3.2(a). After flight, the
transmission spectra have an Extinction Ratio (ER) reduction of about 13 dB and have
a red shift. Both the change of ER and spectrum red shift are induced by the real

(4ne>0) and imaginary (dke>0) effective index change. Based on the equation of
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transmission spectra for pre flight (3.1) and post flight (3.2) samples, transmission
spectra can be fitted [16]. As a result, the change of real and imaginary parts of the

effective index can be extracted.
2

: (3.1

1
1+0

Tpre =

2m 2T
oexp| j=—mngrr(AL + L) | + exp (] —neffL)
A 7
1 2T ]
Tpost = |1+—a [Uexp (J 70 (Nepr + Anepp +j X Akepp) (AL + L))
21 .
+ exp (] N (Nefs + Anesp + )

X Akeff)L)] i

. (32

where o is the power splitting ratio, ness is the effective index, L is the length of one
arm in MZM, 4L is the length difference between the two arms of MZM, Anet is the
change of the real part of the effective index, Akes is the change of the imaginary part
of the effective index.

For the device in Figure 3.2(a), the real and imaginary parts of effective index
change are on the order of 10 which are significant. Statistical results of Anes and
Aket for 15 MZM devices on the same die are present in Figure 3.2(b). For the real
part of Anes, the average change is 0.88x1073; for the imaginary part Akes, the average
change is 0.717x102. The error bar denotes the standard deviation relative to the

average.
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Figure 3.2 Optical transmission spectra measurement and parameter extraction. (a)
Measured and fitted optical transmission for a silicon MZM before (pre)
and after (post) radiation. (b) Statistics of real and imaginary effective
index change extracted from 15 MZMs. Real part: Anett =neft (POSt)-Nest

(pre), imaginary part: Aker =Keft (pOSt)-ket (pre). The bar value is the
average change in the effective index, and the error bar is the standard
deviation.

3.2.2 Electrical-optical (DC) response of silicon MZMs

EO response under the reverse bias of MZM pre and post flight samples was
characterized and compared in Figure 3.3(a). Under the reverse bias, the p-n junction
will get depleted. Carrier densities around the waveguide part will decrease so that
Anest Will increase and Akesr will decrease. By fitting the transmission spectra, the Anes
and the Akesr can be extracted (Figure 3.3(b)(c)). After radiation, the post flight MZM
has a very trivial change in the Anesr, while has a significant change in Akesr under each

bias, showing the reduced capability of carrier plasma dispersion effect in tuning Akes.
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Figure 3.3

EO response under reverse bias. (a) EO response of MZMs under reverse
bias (0~ -6V, 2V scanning step). (b) Real part effective index change
(4ner) under each reverse bias for pre and post flight MZMs. (c)
Imaginary part effective index change (dkeff) under each reverse bias for
pre and post flight MZMs.

3.2.3 Electrical response of p-n junction of silicon MZMs

The electrical response of p-n junction for pre and post flight MZM samples

were also characterized. Current-voltage (I-V) and capacitance-voltage (C-V)

responses were measured and compared. C-V curves (at 100 MHz) for one p-n

junction before and after radiation were shown in Figure 3.4(a). After radiation, the

capacitance increased at each reverse bias. Average capacitance per unit length (C/L, L

is the electrical length of a p-n junction) at OV bias was collected and averaged for 10

pre and post flight p-n junctions (Figure 3.4(b)). The capacitance of p-n junction

increased by about 10% after radiation.
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Figure 3.4 C-V test results. (a) C-V measurement of one p-n junction under reverse
bias. (b) Average capacitance per unit length (um) of p-n junctions for
the pre and post flight samples (each based on 10 samples).

I-V curves for one p-n junction before and after radiation were shown in Figure
3.5(a). After radiation, the dark current in the reverse bias increased by nearly one

order (101). By fitting the 1-V curve equation (3.3), parameters can be extracted [17].

~ V —1IXRs
I—IO exp T —-1], (33)

where lo is the reverse saturation current, Rs is the series resistance, n is the ideality
factor, and V7 is the thermal voltage (Vr=kT/g). k is the Boltzmann's constant
(1.38x102% J/K); T is the temperature; q is absolute value of electron charge
(1.602x102°C). At 300K, Vr=kT/q=0.0259V.

Ideality factor (n), reverse saturation current (lg) Series resistance (Rs), and
shunt resistance (Rsn) of 10 p-n junctions were extracted and averaged, respectively
(Figure 3.5, Figure 3.6). After radiation, the average ideality factor increased from

1.395 to 1.43; and the average reverse saturation current got increased over two times
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compared with pre flight sample (Figure 3.5(d)). The change of reverse saturation

current is the most significant one among those parameters.
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Figure 3.5 |-V tests and parameter extraction. (a) Measured I-V curves of one p-n
junction for pre and post flight. (b) Measured and fitted I-V curves of one
MZM p-n junction. (c) Average of extracted ideality factor n for the pre
and post flight samples. (d) Average of extracted reverse saturation
current lo for the pre and post flight samples. For n, and lo, each is based

on 10 samples. The error bar represents the standard deviation of the
mean.

The average of series resistance (Rs) dropped from 7.5 to 5.5Q, and the

average of shunt resistance (Rsn) dropped from 4.2x10'! to 3.5x10! Q.

40



(@ | | ®)

[=)9
()(10II ohm)
(98]

Rs; {ohm)
ra
R
SH
(o=

—

MZM pre MZM post MZM pre MZM post

Figure 3.6  Resistance extraction from |-V tests. (a) Average of extracted series
resistance (Rs) for the pre and post flight samples. (b) Average of
extracted shunt resistance (Rsw) for the pre and post flight samples. For
Rs, RsH, each is based on 10 samples. The error bar represents the
standard deviation of the mean.

3.2.4 High-speed response (RF) of silicon MZMs

The high-speed response was characterized by using the Optical Spectra
analysis method [18]. The measurement schematics was shown in Figure 3.7(a). The
optical carrier at the quadrature biasing point of MZM was generated from the tunable
laser and was coupled into the input port of MZM by going through EDFA and
polarization controller. For the two GSG pads of MZM electrical ports, one set of
GSG pads was connected to VNA (Vector Network Analyzer, Brand: Anritsu, Model:
37397C) by RF probe, and another set of GSG pads was terminated by the 50 Q
terminator for impedance matching (Figure 3.7(a)). The output optical port of MZM
was connected to the Optical spectrum analyzer to get the modulated First Sideband
(FSB) signal. Reflection coefficient (S11) was obtained from the VNA. For the pre and
post flight sample of one MZM, there’s no obvious change in the reflection coefficient

(Figure 3.7(b)).
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Figure 3.7 (a) Schematics of high-speed measurement. (b) Measured reflection
coefficient (S11) of pre and post flight MZMs.

The 3dB bandwidth of modulated FSB spectra were determined by the overall
time constant z (equation 3.4), which is related to RC constant (zrc), carrier

recombination lifetime (zrec), and carrier transit time (zr) (equation 3.4, 3.5) [19][20],
0.55

fzas = I (3.4)

The overall time constant is dependent on:

1 1 1 1
=t — . (3.5)
T TRre Trec Ttr

Reverse saturation current is inversely proportional to the carrier

recombination lifetime:
1
Iy o< —. (3.6)

TT@C

As the junction is a p-n junction for MZM, there should be a very limited
width for the depleted region so that the carrier transit time (zr) (depleted region
width/fermi velocity) may be very limited and can be neglected. Overall, the 3dB
bandwidth should be mainly determined by RC constant (zzc) and carrier

recombination lifetime(zrec). RC constant can be obtained by multiplying the series
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resistance (Rs) and capacitance. RC constant of 10 p-n junction was averaged and
normalized for comparison (Figure 3.8(a)). The reciprocal of the RC constant
increased by about 20% after radiation. The carrier recombination lifetime is inversely
proportional to the reverse saturation current lo. As the lo increased over twice after
radiation, the reciprocal of carrier recombination lifetime (1/trec) increased over two
times as well. Hence, the reduced carrier recombination lifetime is dominant in the

reduced total time constant.
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Figure 3.8 (a) The normalized reciprocal of RC constant (1/zrc) extracted from C-V
and I-V measurement (each based on 10 p-n junctions of MZM). (b) The
normalized reciprocal of carrier recombination lifetime (1/zrec) extracted
from 1-V measurement (each based on 10 p-n junctions of MZM). The
error bar represents the standard deviation of the mean.

Figure 3.9 shows the results of the high-speed response. The compared pre and
post-fight MZM was tested under the same quadrature wavelength, same optical input
power, and same RF input power. The post flight MZM has broadened high-speed
response compared pre flight MZM, nearly two times. Figure 3.9(b) shows the 3dB
bandwidth of modulated FSB spectra of 3 for pre and post flight MZM devices. The

position of 3 devices on the chip can be seen in Figure 3.9(b) inset. It can be seen that
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all three devices have nearly doubled 3 dB bandwidth after radiation (orange circle
dots) compared with pre flight results (blue dash line). Previously it was mentioned
that the bandwidth is mainly determined by the reciprocal of the RC constant (//zrc)
and the reciprocal of carrier recombination lifetime (//zrec). And the reciprocal of
carrier recombination lifetime (//zrec) increased over doubled after radiation, so

increased bandwidth is mainly attributed to the reduced carrier recombination lifetime.
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Figure 3.9 High-speed response. (a) The normalized modulated FSB (First
sideband) spectra of one MZM. (b) 3dB Bandwidth before (pre) and after
(post) radiation for three MZMs (inset: device positions on the chip).

3.2.5 Devices with abnormal optical transmission spectra

There are a few devices that didn’t have the normal optical transmission
spectra. After radiation, the optical spectra of those devices didn’t have interference
peaks and valleys (orange curves in Figure 3.10). The location of those devices on the
chip is shown in Figure 3.11. Only 10% of devices in the whole chip have such
abnormal optical transmission spectra, while the rest of the devices can work

normally.
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Figure 3.10 (a~d) Optical transmission spectra of pre flight devices (blue curve) and

Other responses, including electrical response (I-V), electrical high-speed
response (S11), and EO response under forward and reverse bias were measured for
those devices with abnormal optical transmission spectra. All other responses behave
normally (Figure 3.12(a~d)). It is speculated that the abnormal optical transmission
spectra were due to the partial damage in the optical waveguide layer during the

radiation process. Probably the power splitter or one arm of MZM got partially
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Figure 3.11 Diagram of damaged devices (10%, 2/20) position in the chiplet.
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Figure 3.12 (a) Measured 1-V curve, (b) Si1, (c) EO response under reverse bias, (d)
EO response under forward bias for one device #341 (post) flight in
Figure 3.10 and Figure 3.11.
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3.3 Summary

In this work, we investigate the performance change of silicon MZMs after
cosmic radiation. Optical transmission spectra, electrical response (I-V, C-V), EO
(DC) response, and the high-speed response of MZMs have been measured, analyzed,
and compared. Devices of 90% are still able to operate after radiation. Increased
effective index (on the order of 10%), increased dark current, reduced carrier
recombination lifetime, and increased 3dB bandwidth of high-speed response have
been observed. The material property change reflected from the measurement results
is probably induced by the total ionized damage. A few possible solutions may be
used, such as post-radiation annealing under forward bias to neutralize the trapped
holes or to utilize active devices of high doping levels to enhance the radiation
tolerance [12]. This work paves the fundamental step for future deploying photonics

integrated circuits in space laser communications.
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Chapter 4

SMALL SIGNAL ANALYSIS AND DEVICE MODELING OF GRAPHENE
SILICON HETEROGENUOUS JUNCTIONS FOR HIGH-SPEED
OPTOELECTRONICS

4.1 Introduction

Developing the Complementary Metal-Oxide-Semiconductor (CMOS)
compatible hybrid integration of low-dimensional materials on a scalable silicon (Si)
photonic platform has many promising opportunities for high-performance optical
transceiver components and sensor systems [1]. The Silicon platform offered by
Foundries provides low-loss and large-scale photonic integration. However, the
nonlinear carrier plasma dispersion effect, the limited carrier mobility, and the indirect
bandgap of Si are still the potential bottlenecks for many efficient, high-speed
optoelectronic and laser applications.

As a semi-metal with zero bandgap material, Graphene (G) has arisen plenty of
research attention for its superior electrical and thermal conductivity. It could interact
with light over a wide spectral range from microwave to ultraviolet wavelengths,
showing it a great candidate for light detection, modulation, and manipulation [2].
Since it has high carrier mobility (up to 10° cm? V-!s1), Graphene is also studied for
high-speed optoelectronic devices[3]. Hybrid integration of G on CMOS compatible

silicon platform provides many chip-scale optoelectronic applications.
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4.2 Small signal analysis for RC constant limited Graphene silicon
optoelectronics

Directly contacted low dimensional materials (e.g., Graphene) on a CMOS-
compatible silicon homojunction offer a new platform for post-fabrication free high-
speed hybrid optoelectronic devices on chip. However, deterministic and scalable
doping control in semimetal G still has to be studied and understood [4][5].
Electrostatic carrier distribution, as well as the dynamics of externally injected
carriers, are strongly affected by the varying Schottky barriers on the vertical
heterojunction [6]. Knowing more about junction formation and variation under
electrical injections on the multi-junction interface between directly contacted G and
Si devices is necessary for analyzing and predicting the performance limit of the
device’s radio frequency (RF) response [7][8].

In this work, the high-speed RF response of a graphene-directly contacted
silicon p-i-n junction is investigated and analyzed. The multi-junction components of
the hybrid structure are parameterized by fitting a small-signal model to the broadband
RF response of the hybrid device under a series of carrier injection rates. The built-in
electric field formed between the substrate-induced electro-static doping G and Si is
also studied to analyze the variation of heterojunction components under different
carrier injections. By engineering the device dimensions, it is able to further reduce the
resistance-capacitance constant to be sub-picosecond and enable bandwidth towards
sub-Terahertz operation. The G-Si p-i-n junction hybrid structure is useful for
components in high-speed optical communication with low cost and a CMOS-

compatible fabrication process.
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4.2.1 Device schematics

The top view of the device is shown in Figure 4.1(a). Light is coupled into the
PhC WG (180 um) through channel WGs [9]. G is directly covered on heavily p,
intrinsic, and heavily n doped silicon regions (Figure 4.1(b)). The ion-implanted p and
n regions have the same doping density of 5x10'® cm=. The intrinsic region is left
non-intentionally doped, which is characterized to be lightly n doped with a doping
density of 10'® cm™®. The metal electrodes are connected to the doped Si regions
through via in the SiO; layer. The 250 nm PhC WGs are in the 250 nm Si layer, above
the 2 um oxide layer. The suspended G near the edges of the trench is removed during
an Acetone bath and electrically isolated from metal electrodes, as shown in the
scanning electron microscope (SEM) image in Figure 4.1(c). The atomic force
microscope (AFM) image (Figure 4.1(d)) shows the full coverage of G membrane
cladding on Si suspended PhC WG region. The optical mode profile shows the
confined mode in Si-suspended PhC WG and coupled to the G layer (Figure 4.1(¢)).

The substrate-induced electrostatic doping in G is characterized by a Micro-
Raman spectrometer, with a 532 nm excitation laser and spot size of 0.6 um (Figure
4.1 (f-g)). Low optical power below 1 mW is used to avoid any nonlinear response.
The Raman spectra of the G directly contacted n-Si, i-Si, and p-Si regions are in the
blue, black, and red curves in Figure 4.1 (f-g) (also marked as dots in Figure 4.1(d)).
All the laser parameters remain the same throughout the measurement and leave the
substrate doping level as the only variable. Higher doping levels decrease the free
carrier lifetime and phonon lifetime, and lead to a low background signal of the G
Raman spectra (red and blue curves in Figure 4.1(f-g)). From the Raman spectra, it
shows the reduced intensity ratio of 2D versus G peak, and the blue shift of 2D peak

for G on p-doped Si and G on n-doped Si. This verifies that Graphene is

52



electrostatically doped by the Si substrate since 2D peaks of G are sensitive to the
doping level variations in graphene. The 2D peaks have a blue shift of 5 cm™ for G on
p-doped Si and 4 cm™ for G n-doped Si. The trends that both doping-dependent
Raman spectra are consistent with the observations reported in previous work [10].
The Dirac point of G is between the Silicon’s conduction and valence bands. Direct
contact between graphene and p/n-doped Si makes positive/negative band bending in

silicon and induces the electrostatic charge in graphene in opposite signs [4].
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Figure 4.1 Figure Device schematics (a) Optical image of the device top view (Scale
bar: 20 um). (b) The cross-sectional electrical design of the device. (c)
Scanning electron microscope (SEM) image of the G-covered Si PhC
WG (Scale bar: 20 pm). Inset: an enlarged image of the device
schematics, three circles from top to bottom mark the probed laser spot
for G on p-doped Si, i-doped Si, and n-doped Si for Raman spectra,
respectively (Scale bar: 1 um). (d) Atomic Force Microscopy image of G
covered Si PhC WG. (e) The cross-sectional optical mode profile at 1550
nm for G-Si photonic crystal waveguide (PhC WG). (f) Raman spectrum
of G on n-doped, intrinsic, and p-doped Si. (g) Raman spectra of the 2D
peak in (f). All the Raman spectra were taken without external bias.

4.2.2 Electrical (DC and RF) responses and Small Signal Model analysis

Direct current (DC) and alternating current (AC) responses of the monolithic
(Si) and hybrid (G-Si) devices are measured and analyzed (Figure 4.2).

For the DC response, current-voltage (IV) measurements of monolithic (red
triangular) and hybrid (blue circle) are presented in Figure 4.2(a). By fitting the diode
equation 4.1 to the experiment data, it is able to extract the parameters and analyze the

difference between the two devices [11][12],

qW+IR) V + IR
[ =l nkT  + , (4.1)
RSH

where | is the dark current, lo is the reverse saturation current, Rs is the total series
resistance (including p/n doped region resistance, interconnect resistance, and DC
probe contact resistance during the test). Rsy is the shunt resistance, k is the
Boltzmann constant, and T is the temperature.

The series resistance (Rs) reduces from Rs si = 0.51 kQ (monolithic device)
reduces to Rs_g-si = 0.29 kQ (hybrid device). The shunt resistance (Rsn) reduces from
RsH_si = 148 kQ (monolithic device) to RsH_c-si = 36 kQ (hybrid device). The reverse
saturation current(lo) increases from lo si = 0.286 A (monolithic device) to lo c-si =

2.36 YA (hybrid device). The high conductivity of graphene reduces the series and
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shunt resistivity of the hybrid device. Since the reverse saturation current is inversely
proportional to the carrier lifetime, it is speculated that the effective carrier lifetime in
the hybrid device reduces to 1/10 compared to the monolithic device.

Since the DC measurement can’t analyze individual components of the
multiple vertical and lateral junctions in the hybrid device, broadband AC (RF)
measurement (0.7 ~ 40 GHz) and corresponding Small-Signal Model are utilized for

separating parameters and analyzing the variations of different junctions.
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Figure 4.2 Direct current and alternating current characterization for the hybrid
devices. (a) I-V curves for Si p-i-n (red triangular), fitted I-V for Si p-i-n
(red line), G-Si hybrid p-i-n junction (blue circle), and fitted 1-V for G-Si
hybrid p-i-n junction (blue line). (b) Measured and modeled S11
magnitude of Si. (c) Measured and modeled S11 magnitude of G-Si.

For the AC response, the reflection coefficient (Si1) of monolithic (Figure
4.2(b)) and hybrid (Figure 4.2(c)) devices are measured from 0.7~40 GHz under the
forward bias of 0, 4, 8V. The forward bias significantly modifies the RF (S11) response
of the hybrid device, indicating that the junction formation (capacitance, inductance,

and resistance in G/Si contacts) vary significantly under bias (Figure 4.2(c)).
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However, the depletion region of the monolithic device changes very little under the
forward bias of 8V (Figure 4.2(b)).

Small-Signal Model is proposed to analyze the multi-junction variations for the
monolithic (Figure 4.3(a)) and hybrid (Figure 4.3(b)) devices [12]-[15]. The junction
components of the small-signal model for monolithic and hybrid devices are shown in
Figure 4.3(a) and (b) respectively. The red, blue, and deep-blue regions represent the
Si p doped, intrinsic, and n doped regions in Figure 4.3. The golden region is the
Graphene contacted to the Si p-i-n junction for the hybrid device (Figure 4.3(b)). In
the monolithic device (Figure 4.3(a)), Rz represents the contact resistance between
metal and heavily doped Si. Rs represents the series resistances of doped Si. C: and R
are the parasitic capacitance and resistance from the substrate. The leakage current
between the electrodes is presented by Ri. Rpi and Rin represent the resistances
between p-i region, i-n region respectively. Cpi, Cin are the capacitances between p-i
region, i-n region respectively. In the small-signal model for the hybrid device (Figure
4.3(b)), G-related components (vertical heterojunctions for G-Si contacts and G
homojunctions) are added based on the monolithic model. Rgp-i and Rgn-i represent the
series resistances of G between p-i and n-i regions respectively, Lgpi and Lgn.i
represent the inductances of G between p-i and n-i regions respectively. Three
independent Resistance-Capacitance (RC) elements are the vertical junctions formed
between G and silicon with different doping levels: junction capacitances Cjp, Cji, and
Cin represent the capacitances between G and p, i, n regions. Junction resistances Rjp,

Rji, and Rjn are the resistances between G and p, i, n regions respectively.
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Figure 4.3  Small-signal models for (a) monolithic Si p-i-n junction, (b) G-Si hybrid
p-i-n junction.

The simulated reflection coefficient (S11) (solid lines in Figure 4.2(b-c)) of the
Small-Signal Model is fitted to the experimental data (dash lines in Figure 4.2(b-c)) by
using Keysight Advanced Design System (ADS) [16]. The Gradient algorithm was
used to optimize the curve fitting results in ADS. At each bias voltage, the
corresponding circuit elements (R, L, C) are optimized globally to minimize the
difference between the simulated and the measurement data. Responses under the bias
voltages of 0, 4, and 8 V are shown here for clear and consistent demonstration, and
responses under other bias voltages can be found in the journal paper [8]. All the
simulated responses for all the biases fit well with the corresponding experimental
data.

The junction parameters of the monolithic device are first extracted after curve
fitting (Figure 4.2(b)). Next, based on the components of monolithic devices, the
proposed junction components of G-Si heterojunctions and G homojunctions are

extracted after fitting for the hybrid devices (Figure 4.2(c)).
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Under forward bias, the higher injection level increases the effective G doping
level and conductivity [8]. Numerical estimation of G conductivity and inductance
related to doping level can be seen in Section 3.2.5. By fitting the small-signal model
to the Si1 under different voltages, it is able to extract each junction variation with
forward bias (Figure 4.4). For the G homojunctions (Lgp-i, Lgn-i, Rgp-i, Rgn-i), both
resistance and inductance decrease with the bias, showing the increased carrier density
in G with carrier injection through substrate p-i-n junction (Figure 4.4(a-b)). For the
G-Si heterojunction components (capacitance and resistance between G and Si
interface), capacitance (Figure 4.4(c)) and resistance (Figure 4.4(d)) in the G-n Si
region vary most significantly with forward bias. The voltage-dependent capacitance
variation of G-Si contacts depends on the substrate doping levels (Figure 4.4(c)).
Capacitances of G-p Si and G-i Si vary little with the increasing bias while G-n Si
capacitance increases with bias. The junction resistance shows that R;ji and Rj, change
only by a small amount while Rj» decreases as the bias increases. For the results of
junction capacitance and resistance in Figure 4.4(c-d), it is indicated that the bias-
dependent RC constants have an obvious drop on the G-n Si contact junction. This
originated from the significant decrease of both the junction capacitance Cj, and
resistance Rjn with forward bias rather than the capacitance and resistance in other G-

Si contacted regions (Figure 4.4 (c-d)).
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Figure 4.4 Elements of G-Si junction (in Figure 4.3(b)) varying under bias. (a)
Inductance of G homojunction (Lgp-i, Lgn-i) Versus bias voltage and the
estimated carrier density in G; (b) Resistance of G homojunctions (Rgp-i,
Rgn-i) Versus bias voltage [18][19] and estimated carrier density in G. The
details of G inductance and resistance estimation varying with carrier
densities can be seen in the section of 3.2.5; (c) Capacitance of G-Si
junction in p, i and n region; (d) Resistance of G-Si junction in p, i and n
region [8]. The error bars in (c) and (d) are negligible.

4.2.3 Simulated Built-in Electrical Fields

The small-signal models in Figure 4.3 are proposed based on the junction
variations under forward bias (Figure 4.5). And the junction variations are induced by
the vertical built-in electric field in the hybrid device under increasing bias [8]. The
built-in Electrical Fields variation should be numerically analyzed to see the relations

with the results of small-signal models.
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The simulated built-in electric field is performed by the Lumerical Charge
solver[17]. The Finite element method is used to solve the Poisson equation for getting
the electrostatic potential (as well as the electric field).

=V (eVV) = qp, (4.2)
where ¢ is the dielectric permittivity, V is the electrostatic potential (E = -V V), and p

the net charge density [17].

Simulated x component (in plane) and z component (out of plane) built-in
electric field distribution on the cross-sectional plane of the monolithic devices are
shown in Figure 4.5(a-b) (corresponding to Figure 4.3(a)). Simulated x component (in
plane) and z component (out of plane) for the hybrid devices are presented in Figure
4.5(c-d) (corresponding to Figure 4.3(b)). In-plane built-in electric fields on the top
surface of the Si membrane are compared for the monolithic and hybrid devices
(Figure 4.5(e)). It shows that the in-plane electric field is formed in the highly
conductive G layer (blue curve in Figure 4.5(e)). The out-of-plane built-in electric
fields along the G-Si interface are also shown and compared for the monolithic and
hybrid devices (Figure 4.5(f)). Since the Fermi level of G is between the p doped and
n doped silicon, the out-of-plane built-in electric field changes direction for G on p
doped Si (left side for the blue curve in Figure 4.5(f)) and n doped Si (right side for the
blue curve in Figure 4.5(f)), which assists the transfer of the electrons (on G-n Si

interface) and holes (on G-p Si interface) from G into Si.
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Figure 4.5 Built-in electric fields at G-Si interface under zero bias. (a) x and (b) z
component of built-in electric fields on the cross-sectional plane of
monolithic Si p-i-n junction. (c) x and (d) z components of built-in
Electrical fields of the hybrid device. () x and (f) z components of the
built-in electric field on the graphene and silicon interface.

The fitted parameters extracted from the small signal model are consistent with

the simulated built-in electric fields: z component (corresponding to vertical junction)

of the built-in electric field around the G-n junction is much larger than other junctions

as shown in Figure 4.5(d).

Comparing the small signal model and built-in electric field simulations, it

shows that the G-n Si varies most significantly with the forward bias. The in-plane

(Ex) and out-of-plane (E;) built-in electric field components at the G-n Si interface

under a bias of OV and 8V are compared in Figure 4.6. Under forward bias, a strong

lateral electric field (Ex) is formed out of the boundary of G/n-Si contact (Figure

4.6(b)), while the extra vertical built-in electric field is formed under the edge of G



(Figure 4.6 (d)). The extra depletion region formed near the edge of G/n-Si contact

leads to decreased resistance and capacitance (Figure 4.6(b)(d)).
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Figure 4.6 Bias-dependent depletion region on G-n Si. Built-in electric field
components (a) Ex under 0V, (b) Ex under 8V, (c) E; under 0V, (d) E;
under 8V bias at G-n region of Si interface for the vertical junction,
respectively. For the built-in electric field components of the hybrid
device under other intermediate biases voltage across the p-i-n junction
can be seen in [8].

4.2.4 Estimation of graphene inductance, resistance

Based on the fitted resistance and capacitance of graphene, it is able to
estimate the range and scale of G doping levels [1].

To verify the fitting results of the small signal model, the estimation of
graphene inductance and resistance is conducted for reference.

Researchers have studied on-graphene Kkinetic inductance based on the

graphene model as a transmission line. The kinetic inductance can be written as: [18]
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Law =22 1 (4.3)
k B eZUF [no ’ '
where the parameters shown in the equation can be seen in the following table:

Description Value
Vg Fermi velocity 10° m/s
e Electric charge 1.6x 1079 C
h Reduced Planck’s constant | 1.0545718 X 1073* ] - s/rad
ngy Carrier density 101°~10**¢m~2
w Width of graphene 2.5 um
The kinetic inductance of
Lk .
graphene per unit length

Table 4.1 Parameters used for calculating graphene inductance.

Here we estimate a range for the carrier density in graphene to be 10° to 10%

cm?, and graphene sheet inductance is shown as follows:
800

600 r
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Figure 4.7  Calculated graphene inductance varying with carrier density.

As shown in Figure 4.7, the graphene inductance ranges from 7.301~730.1 pH

per square as density varies from 10'°~10' cm™. In Figure 4.4(a), extracted graphene
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inductance after curve fitting ranges approximately from 8~24 pH which is
corresponding to the G carrier density from 8.31~0.93x10'% cm™,
For the graphene resistance, calculated results are compared with the fitting
results in Figure 4.4(b). The calculation of graphene resistance is shown below.
Resistance is defined as the following:l
p

R==". (4.4)

Resistivity p is inversely proportional to the conductivity o:

Conductivity o is determined by the mobility x and carrier density n, mean free

path Ic is shown as [19][20]

2e?(kpl

o =enu= LFC)‘ (4.6)

h

where 2D Fermi wave vector kr is determined by:

1
kp = (mn)z. (4.7)

The resistance of graphene can be written as the following:
pl 1 h-1 h-1

R= (4.8)

—_—= —= > = T .
A dA 2e?(kgl.)A 902 ((nn)flC>A

Based on the equation above, for the hybrid device, parameter values of

graphene resistance can be cited in Table 4.2. And the carrier density of G is estimated

to be 101 to 10 cm2:

Description Value
h Planck’s constant 6.626 x 10734 ] - s
I length 2.5 um
e Electric charge 1.6x 107 C
L Mean free path 3.5 um
A Area of graphene 3 um
ngy Carrier density 101°~10'*/cm?
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Table 4.2 Parameters used for calculating graphene resistance.
Thus, graphene sheet resistance varying with carrier density is shown as

follows:

200

150 -

Resistance (Ohm)
=
<

L
[a]

10 11 12 13 14
X -2
n (x10" cm )

Figure 4.8 Graphene resistance varying with carrier density.

Based on calculated results, it shows that the graphene resistance ranges from
1.7~173.8 Ohm as the carrier density varies from 10°~10'* c¢cm (Figure 4.8). In
Figure 4.4(b), extracted graphene resistance after curve fitting ranges approximately
from 2~6 Ohm which corresponds to the carrier density 7.58~0.83x10% cm2 referring
to Figure 4.8. The estimated carrier density based on graphene resistance is very close
to the estimated carrier density based on graphene inductance. These results show the
consistency and reasonableness of the carrier density estimation based on the fitting

results. The carrier density in G is estimated to be around 10** cm.
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4.2.5 Bandwidth analysis

The proposed small-signal model of the hybrid device is able to extrapolate the
RC constant (1.5 ps) based on the device’s RF response (S11) and simulate the S11 over
a wider frequency range (Figure 4.9(a)). The 3dB bandwidth of the optoelectronic
device’s photoresponse is limited by both RC constant and carrier transit time.
Experimentally the photoresponse is verified up to 40 GHz beyond the instrument
bandwidth limitation (Figure 4.9(b)). Furthermore, the RC constant could be further
reduced by decreasing the capacitance of G and n-Si contact. Among the multi-
components (R, L, C) variation under bias in the small signal model, the capacitance
variation on G/n Si region is most sensitive to the forward bias (Figure 4.4(d)).
Decreasing G/n Si capacitance will lead to the reduction of the overall RC constant
and further improve the 3 dB bandwidth. The capacitance of G/n Si contact can be
reduced by increasing the depletion region in n Si. Reducing the doping density in n Si

can effectively enhance the depletion region.
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Figure 4.9 Broadband RF response of the device. (a) Measured (solid blue curve)
and small signal model extrapolated Si: (red dashed line) from 0 to 120
GHz under zero bias (b) measured photo-response Sy; from 0 to 40 GHz
for G-Si p-i-n junction.
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4.2.6 Summary

In this work, we investigate the voltage-dependent multi-junction variation in
the hybrid Graphene-Si p-i-n junction. Based on the graphene integrated Si CMOS
compatible platform, the multiple G-Si junctions and G homojunctions are
parameterized by curve-fitting the small-signal model to the RF experimental data.
The results are compared to the simulated built-in electric field distribution. The
simulation results show that the RC constant of the hybrid device is about 1.5 ps based
on the curve fitting of RF response Si1. The applied forward bias through Si p-i-n
junction substrate can effectively modify the G doping levels and vertical built-in
electric field on G-Si contact, And the G-n Si space varies most significantly with
forward bias. As the RC constant limit is always the bottleneck of hybrid 2D material-
based active silicon photonic components, the result will be useful for designing high-
speed integrated active optoelectronic devices based on the active Si photonics

platform.
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4.3 Device Modeling of Directly Contacted Graphene Silicon Modulators

Gradually growing data traffic has rising demands on the capacity of optical
networks. Functioning as one important component in optical transceivers, modulators
with low drive voltage and high speed are essential to satisfy the needs. Compatible
with CMOS electronic systems, silicon photonics based on silicon on insulator (SOI)
platform is acting the dominating role in producing low-cost, high-volume, and large-
scale photonic integrated circuits (PICs) for on-chip components in optical networks.
Silicon modulator based on the free-carrier dispersion effect is intrinsically absorptive
and has the nonlinear electro-optic (EO) response to limit the performance of an ideal
modulator. To integrate materials with superior properties on a silicon platform is one
option for improving the performance of the building blocks in the optical
communication network.

With atomic layer thickness and zero-bandgap semi-metal properties, graphene
(G) is able to easily integrate on a monolithic silicon platform to improve the device
performance matrix. Its tunable Fermi-level allows graphene to serve as an active
layer for electro-optic modulation. As a low-loss metal layer, graphene can be placed
much closer to the active layer for low-voltage operation. G has been demonstrated as
an active medium for both amplitude [21]-[25] and phase modulators [26][27]. The
modulation bandwidth is tested up to between a few GHz to 30 GHz, which is far
below the material limitation of ~ 500 GHz bandwidth (2.2 ps response time) in
G[28]. The bandwidth is limited by either RC constant or carrier transient time. Those
limitations by device design are well studied in G photodetectors with G-metal contact
[29]-[33]and G-Si Schottky junction [34]-[36].

In the previous work, we demonstrated that the directly contacted G-Si p-i-n

junctions can employ both ultrafast carrier transportation in G and small RC constant
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in p-i-n junction with 1.5 ps [4][8]. In this work, following the directly contact hybrid
configuration, we propose the device architecture for high-speed modulators. Different
from other works on G-Si modulators using oxide capacitors based on the carrier
accumulation scheme, our device utilizes directly contacted G-Si heterojunction so
that the carrier density of graphene can be modulated by the silicon layer. It allows
efficient carrier injection and depletion for high-speed and high efficient operation
[26][27]. In the directly contacted G-Si hybrid device, the carrier transportation will be
dominated by the high mobility of G, and the RC constant will be reduced by the out
of plane built-in electric field between G-Si interface to improve the device speed [8].
By optimizing doping profiles in Si and graphene contact region, photonic crystal
(PhC) waveguide-based Mach-Zehnder modulator (MZM) has numerically shown a
very low V,L (1.19V-mm) and fast EO response (67 GHz) for high-speed and

efficient modulator applications.

4.3.1 Device schematics

Modulation in G-Si will largely depend on refractive index change in silicon,
as atomic thick G (~0.34 nm) only takes a very small proportion in the total effective
index change, compared to the thickness of the Si layer (220 nm). There are three
types of modulation in silicon: carrier accumulation in a MOS capacitor structure,
carrier injection in a forward-biased p-i-n junction structure, and carrier depletion in a
reverse-biased p-n junction structure [37][38]. Carrier accumulation in MOS
capacitors can achieve high modulation efficiency, but the speed of the MOS-type
modulator is limited by the high capacitances from a thin oxide layer. Carrier injection
is the most efficient modulation mechanism, but it is hard to achieve high speed

because it suffers from high junction capacitance and slow free-carrier recombination.
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Carrier depletion has low modulation efficiency but can achieve high-speed
performance by optimizing doping profiles to reduce the junction capacitance [38].
For the hybrid G-Si modulators, most efforts use the oxide structure of the charge
accumulation scheme to enhance the efficiency while having limited speed [26]. Here,
we propose direct contact G-Si modulators based on carrier injection and carrier
depletion schemes to see how efficient and high speed they could achieve.

A Mach-Zehnder modulator (MZM) with two arms of the proposed G-Si
structure is illustrated in Figure 4.10(a) [4][39][40]. G is integrated on one Si photonic
crystal (PhC) waveguide (WG) to consist of one arm of MZM. Photonic crystal
waveguides have a lattice constant of 440 nm, and different radii of 135 nm and 140
nm [41]. Each arm of MZM can be driven by electrical signals to achieve refractive
index change under bias. The simulated optical mode profile of TE mode at 1550 nm
is shown in Figure 4.10(b). Here, two doping profiles are proposed for graphene
silicon hybrid modulators: G-Si p-n junction under reverse bias for the carrier
depletion scheme and G-Si p-i-n junction under forward bias for the carrier injection
scheme (Figure 4.10(c) and (d)). A Wider N region (4 um) region makes the optical
mode profile overlap with the strong built-in electric field around G and Si/n region to
enhance the electric-optical interaction. Single-layer graphene will be transferred onto
PhC WG covering P+, P, and N regions (Figure 4.10(b) and (c)) [8]. Also, for p-i-n
junction, graphene covers from P+ to the intrinsic region (width of 6 um) for good
electric-optical interaction. For the doping profile, lightly doped P (1x10'® cm) and N
(1x10'8 cm®) regions in the middle to form the p-n junction (Figure 4.10(c)). High-
doped regions of P+ (5108 cm) and N+ (5x10* cm®) are at each side of P and N

region to connect heavily doped P++ (8x10'° cm™) and N++ (8x10'° cm™) regions
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which form the ohmic contact with the anode and cathode, respectively. Intrinsic
region has a lightly p doped concentration of 10'® cm™. Graphene supposes to have a
p-type doping of about 10'? cm™. SEM imaging showing the fabricated PhC WC is

presented in Figure 4.10(e). The measured transmission spectra of PhC waveguides

with different radii can be seen in Figure 4.10(f).
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Figure 4.10 Device schematics. (a) Schematic of proposed G-Si photonic crystal
waveguide (PhC WG) MZM modulators. (b) Cross-sectional optical
mode profile (TE mode) of PhC WG at 1550 nm. (c) The doping profile
of graphene silicon p-n junction modulator. (d) The doping profile of
graphene silicon p-i-n junction modulator. (¢) SEM imaging of the
foundry-processed silicon PhC WG. (f) Measured transmission spectra of
PhC WG after undercut. r: radii of the holes in the PhC slab [41][42].

4.3.2 Numerical simulation and calculation

To investigate the modulation efficiency of this hybrid G-Si modulator,
effective index variation induced by the charge carrier density changes in both
graphene and silicon under bias is numerically studied. Lumerical DEVICE is used to
simulate the charge carrier dynamics in the cross-section (Figures 4.10(c) and (d)) for
this hybrid junction under bias. Charge carrier concentrations are exported from the
Lumerical DEVICE suite for numerical calculation and analysis.

The effective index change of the G-Si hybrid waveguide can be expressed

as[43]:

y _ ncogy [ n|E|*dxdy
neff_fRe(ExH*)-z-dxdy'

(4.9)

where n is the refractive index of the hybrid waveguide, co and & denote light speed
and permittivity in vacuum, and E and H represent the optical modal fields. The
integral in the numerator is performed across the hybrid waveguide whereas the one in
the denominator is integrated over the entire waveguide cross-section.

The total effective index change consists of both G and Si. Effective index
changes in G and Si are numerically calculated separately based on the simulated
carrier densities in G and Si, respectively. Then use equation (4.9) to numerically

calculate the total effective index change of the hybrid G-Si waveguide.
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In silicon, change of refractive index and absorption based on carrier density
change can be expressed as [44][45]

An(1550nm) = —5.4 X 10722 x AN1911 — 1,53 x 10718 x ApO-838 (4.10)

Aa(1550nm) = 8.88 x 10721 x AN1167 + 584 x 10720 x Ap1-109 (4.11)

In graphene, complex refractive index (ng) change is determined by its

conductivity (o). The conductivity is related to the Fermi level (uc), which is

dependent on carrier density (ns). The relationship between graphene complex

refractive index (ng), conductivity (o), and Fermi level (uc) is shown in equation (4.12-
4.14) [46][47].

Graphene’s complex refractive index (ng) is related to:

io
Mg & wty€ (4.12)

where o is the angular frequency, tq is the thickness of graphene, and & is the relative
permittivity in graphene.

Graphene’s conductivity (o) is expressed as:
o hw + 2 hw —2
o(w) = = (tanh (—MC) + tanh (—MC>)

2 4kyT 4kyT
o, hw + 2u,)? 40,
— i ( be) i He (4.13)
2 |(hw — 2u.)? — 2(kgT)? T hw + iAl

where oo single layer graphene universal conductivity, f is the reduced Planck
constant, uc is Graphene’s Fermi level, ks is the Boltzmann constant, T is the
temperature, and /" is the scattering time.

Graphene’s Fermi level (uc) is determined by:

ue(ng) = sgn(ng)hve X \m|nsl, (4.14)
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where ns is the carrier density in graphene, ve is the Fermi velocity. The related

parameters used in the above equations are listed in Table 4.3.

Symbol QUANTITY Values and unit*

e Fermi level of eV
graphene

n, carrier density in cm™
graphene

h reduced Planck 658108 eV-s
constant

ve Fermi velocity 10°m/s

ay single layer graphene 60.8 us
universal conductivity

kg Boltzmann constant 1.380649-10°% /K

T temperature 300K

w angular frequency Rad's

r scattering time 10fs

1 refractive index of
graphene

& permitivity of F
graphene

ty graphene thickness 1 nm

Zn vacuum permittivity 285102 Flm

AP hole concentration cm?
change in silicon

AN electron concentration cm?

change in silicon

An real part of refractive
index change in silicon

Aa absorption change in dB/cm
silicon

eV = electron volt, S = Simens; s = second, F= Farad.

Table 4. 3 Terms for Graphene Silicon Modulators.

4.3.2.1 Carrier depletion scheme of G-Si modulators

G-Si modulators based on carrier depletion scheme (p-n junction in Si, under
reverse bias) are firstly investigated (Figure 4.10(c)). After being transferred to the
silicon substrate, graphene is electrostatically doped [4][8]. Lateral bias across the p-n

junction shifts G Fermi level and carrier density. Based on the simulated carrier
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density change under bias, G’s complex refractive index is obtained by calculating G’s
parameters such as conductivity and Fermi level by equations (4.12-4.14) [46][47].
G’s complex refractive index is shown in Figure 4.11(a). Under reverse bias, the real
part of G refractive index increases with bias while the imaginary part decreases. In Si,
refractive index change is induced by the carrier densities change under bias following
the equations (4.10, 4.11) [44][45]. The real and imaginary parts of silicon refractive
index increase with reverse bias (Figure 4.11(b)). Numerical calculation estimated that
silicon dominates and contributes most which are about 99.6% to the total effective
index change compared with graphene (0.29%) since the optical mode profile is
mostly confined in the Si region (Figure 4.10(b)). The change of the total effective
index of this hybrid structure is calculated up to the 10 scale with reverse bias
(Figure 4.11(c)). The length required to achieve a m phase shift can be obtained in
Figure 4.11(d). The minimum VL is 2.15V-mm (2.87mm-0.75V). This is due to
significant variation of carrier densities in directly contacted silicon and graphene
under bias. The loss of this hybrid waveguide kept around 25.24 dB/cm at a different
bias (Figure 4.11(e)). Assuming the length of each arm is 250 um, the transmission
spectra of MZM are calculated with a different reverse bias applied on one arm
(Figure 4.11(f)) [48]. About 20 dB and 30 dB extinction ratios can be achieved with
reverse 1V and 2V bias respectively.

In a Si p-n junction, a space charge region will be formed as the reverse bias is
applied [37]. The width of the space charge region increases with the increasing built-
in electric field induced by charge-induced doping [4]. This can reduce the equivalent
capacitance of the junction component, further reducing the RC constant and

increasing the EO bandwidth of the device [8]. Figure 4.12(a) is the built-in electric
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field along the z-direction (E;) with lateral reverse bias. This reduces the junction
capacitance and thus the RC constant. The Si1 response has been simulated using the
Advanced Design System (ADS 2012, by Keysight Technology) under different
reverse biases [49]. For the G-Si heterogeneous structure, the overall 3 dB bandwidth
of electrical-optical (EO) response is determined by RC constant limited bandwidth

and carrier transit time limited bandwidth (equation 4.15) [50][51]:
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Figure 4.11 G-Si p-n junction modulator. (a) G Fermi level and refractive index
variation under the reverse bias of 0 to -2V. (b) The real and imaginary
parts of the silicon refractive index change under reverse bias from 0O to -
2V. (c) Effective index variation of the hybrid structure under reverse
bias from 0 to -2V. (d) Total effective index change and the length to
achieve © phase shift under reserve bias from 0 to -2V. (e) Loss of the
hybrid waveguide with reserve bias from 0 to -2V. (f) Transmission
spectrum of driving one arm of MZM around 1550 nm under bias O to -
2V.

f3ap ® —, (4.15)
1 1

frc " fu
where frc is the RC constant limited bandwidth which can be estimated (about 105
GHz at 0V) based on simulated RC constant from the small signal model. fi is the
transit time limited bandwidth which is determined by: fi=0.44/zr, where transit time
= (depletion region width)/ (carrier velocity) = (5 um)/ (10 m/s) =5ps (depletion
width is estimated 5 pm here, carrier velocity is 108 m/s). As a result, the overall 3 dB

bandwidth of EO response is mainly limited by carrier transit time and is about 67

GHz.
@ ®)
12 x10
ov
il —-1V]]
8 I , — -2V
g
Sy
B |
ol L
| P+ P N N+ 4
I S N N A A
\'s
45 -5 T T T T T r T
T X 0 - 0 20 40 o0 80 100 120 140 160
(Hm) Frequency (GHz)

77



Figure 4.12 Simulated built-in electric field and reflection coefficient Si1. (a) E;
component of built-in electric fields at graphene layer under reverse bias
for G-Si p-n junction modulator. (b) Simulated Si1 response G-Si p-n
junction modulator under bias 0 to -2V.

One concern is that the slow light effect of the photonic crystal waveguide will
make a mismatch between the optical group index and microwave index to further
affect the overall modulated bandwidth [52][53]. The 3dB bandwidth is estimated by:

[54]
1.89¢,

”l"ug - "oglL’

where n,e is the microwave index, and nog is the optical group index. For a short

f3ap < (4.16)

electrode (no longer than 200 pum), the velocity mismatch is less significant to affect

the overall 3dB bandwidth.

4.3.2.2 Carrier injection scheme of G-Si modulators

Then, G-Si p-i-n modulators based on the injection scheme (under forward
bias) are investigated (Figure 4.10(d)). The same method (same as the contents in
Section 4.3.2.1) is used for simulating carrier density changes and calculating the

refractive index change in G and Si for this hybrid structure.
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Figure 4.13 G-Si p-i-n junction modulator. (a) Graphene Fermi level and refractive

index variation under the forward bias of 0 to 3V. (b) The real and
imaginary parts of the silicon refractive index change under the forward
bias of 0 to 3V. (c) Effective index variation of the hybrid structure under
forward bias from 0 to 3V. (d) Total effective index change and the
length to achieve n phase shift under forward bias. (e) Loss of the hybrid
waveguide under forward bias from 0 to 3V. (f) Transmission spectrum
of driving one arm of MZM around 1550 nm under bias 0 to 3V.
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Under the forward bias, the Fermi level of graphene is shifted, and carrier
density is changed. The calculated changes in G Fermi level and complex refractive
index are shown in Figure 4.13(a). Under forward bias, the real part of the graphene
refractive index increases then decreases as it experiences interband to intraband
transition [46], while the imaginary part increases. Due to the change in graphene
conductivity, the real part of the refractive index of graphene gets lower as the Fermi
level increases. In silicon, the real part of the silicon refractive index decreases while
the imaginary part increases with forward bias (Figure 4.13(b)). The change of the
total effective index of this hybrid structure is calculated on the 102 scale with
forward bias (Figure 4.13(c)). The total effective index changes on the order of
magnitude of 102 showing good efficiency. Numerical calculation estimated that
silicon dominates and contributes most 99.63% to the total effective index change
compared with graphene (0.27%). At low bias voltage (<1V), G contributes obviously
to the total effective index change, while Si takes over the role beyond 1V. The VL of
the hybrid device is derived to be 1.19V-mm at 0.5V (2.397mm-0.5V) (Figure
4.13(d)). This is due to significant variation of carrier densities in directly contacted
silicon and graphene under bias. Along with the phase modulation, ~ 4 dB/cm
incremental loss is observed at the reverse bias set beyond 1 V (Figure 4.13(e)).
Assuming the length of the electro-optical interaction of each arm is 250 pm, the
transmission spectra of the MZM with G-Si p-i-n junction phase modulators are
calculated with different forward biases (Figure 4.13(f)). The spectrum shift is about
1.5 nm per volt.

Simulated Built-in electric field component E; can be seen in Figure 4.14(a).

By using the same method as the G-Si p-n junction, the overall 3dB bandwidth of the
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EO response can be simulated. RC constant limited bandwidth can be obtained (about
80 GHz at OV) from simulated Si1 in Figure 4.14(b). The carrier transit time is about 5

ps. The estimated EO bandwidth (limited by the RC constant) is about 59 GHz.

a b
(a) B (V/m) (b)
)Y
= 2225 —Graphene i
vzzo,-}_)_\_______i ______ . W
N 1 __|___________’J
285475 24
X (Um)
v
g 222 Graphene
£ 220 v
S oy PR
X (um) ,
=10
= 222 (_Trflphene ! 15
= 10 5

B 0 20 40 60 80 100 120
Frequency (GHz)

A ——
X(um)

Figure 4.14 Simulated built-in electric field and S11 for G-Si p-i-n junction
modulator. (a) E; component of built-in electric fields at graphene silicon
interface under forward bias for G-Si p-i-n junction modulator. (b)
Simulated S11 response G-Si p-i-n junction modulator under bias 0 to 2V.

4.3.3 Summary

In this work, directly contacted graphene silicon modulators are numerically
demonstrated. By designing the electrical doping profile and co-optical designing
graphene integrated photonic crystal waveguide, the hybrid device is able to achieve a
bandwidth of EO response of at least 59 GHz and a very low VL of 1.19 V-mm while
suffering from considerable loss of over 25dB/cm. This can be compromised by
designing the proper length of the MZM arm for electrical-optical interaction to
achieve desired phase shift without too much loss. Simulation and numerical results of
the proposed devices based on direct contact G-Si p-i-n/p-n configuration show great

potential for high-speed and efficiency modulator applications.
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4.4 Summary

In this Chapter, the voltage-dependent variation of multi-junction in the hybrid
Graphene-Si  p-i-n junction is investigated. The G-Si heterojunctions and G
homojunctions are analyzed by fitting the small-signal model to the broadband RF
response. The results are compared to the simulated built-in electric field distribution
to analyze the junction variation and potential RC constant. It is shown that the
forward bias through Si p-i-n junction substrate can alter the doping levels of G and
the vertical built-in electric field on the G-Si interface. The potential RC constant of
the hybrid device could be 1.5 ps. This result is useful for designing a hybrid device
with RC constant limited bottleneck to achieve a high-speed response of integrated
optoelectronic devices based on the Si photonic platform.

Following the directly contacted G-Si hybrid device configuration, the device
architecture of G-Si modulators is numerically investigated. This device configuration
enables the modulation of graphene’s carrier density by the silicon layer. It also
utilizes both ultrafast carrier transportation in G and reduced RC constant by the out-
of-plane built-in electric field between the G-Si interface for highly efficient and high-
speed operation. By optimizing doping profiles in Si and graphene contact region,
photonic crystal (PhC) waveguide-based Mach-Zehnder modulator (MZM)
numerically shows a very low V.-L of 1.19V-mm and fast EO response (67 GHz) for

efficient and high-speed modulator applications.
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Chapter 5

PHOTOREFRACTIVE EFFECT IN TELLURIUM THIN FILM

5.1 Introduction

Nanofabrication-induced variation leads to random resonance deviation of
silicon (Si) microring resonators (MRRs), limiting the applications of modulators and
lasers in photonic integrated circuits. Conventional tuning methods such as using
phase change materials, material strain, thermal tuning, and carrier injection have the
limits of extra loss, inefficient tuning, and large device footprint, etc [1]-[4]. With
unique properties such as potential photocatalytic reactions, 2D materials can be easily
integrated into CMOS-compatible silicon platforms and are able to tune the optical
response.

Group VI element Tellurium (Te) is one kind of 2D material possessing a one-
dimensional chiral atomic structure and stable properties under room temperature [5]-
[8][6]. It has arisen research interests in electronic, optoelectronic to piezoelectric
applications. Especially, the decreased layer numbers and van der Waals structure
could change the bandgap and enable novel optical nonlinear responses. An optical
nonlinear response such as Second Harmonic Generation (SHG) has been observed on
Te nanowires (NW), showing a giant response compared with NWSs of other
materials[9][10]. Besides that, light-induced oxidation of Te thin film hasn’t been
studied, which may have potential applications in catalysis and oxidation material-

related applications.
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In this work, we studied the optical nonlinear response of tellurium by
integrating the material on a foundry-fabricated silicon platform. Solution-synthesized
tellurium flakes were transferred to a silicon ring resonator to utilize the low loss and
high quality (Q) factor device platform [12][13]. As the excited optical power
increases, the resonance shifts of this hybrid structure were characterized and
compared with monolithic silicon devices without Te. We observed the photo-
refractive response of this hybrid structure which makes the resonance have blue shifts
without extra loss. The Raman spectra show that the photo-oxidation induced Te
transiting to TeO2 which has a smaller refractive index for the resonance blue shift.
The degree of resonance shifts and intrinsic quality factor (Qin) change with Te are
dependent on material thickness and covering length on the device. The material may
play an important role in future all-optical resonance trimming applications of MRRs

[11] [17][22].

5.2 The photorefractive effect from Tellurium thin film

5.2.1 Post-processing for the silicon devices

To probe the nonlinearity, a directly contacted hybrid device (Te-silicon)
structure is proposed to utilize the low loss and high Q silicon platform. To have the
directly contacted structure, a post-processing step to remove the top oxide layer is
needed for silicon chips (Figure 5.1) [12]. Silicon photonics chips are fabricated by
AIM photonics. Firstly, the top oxide layer is removed through wet etching by using
buffered oxide etching (BOE 1:6) at a rate of about 160 nm/min. Then, the photoresist
(AZ1512) is spin-coated onto the sample, followed by laser writing to open a window

above the ring region. After the laser writing, the sample is dipped into BOE for a few
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minutes to remove the remaining top oxide layer and reveal the silicon waveguide

layer on the surface. Finally, the remaining photo-resist is stripped.

Post-Processing procedures

BOE photoresist

_ mm
= =
(ii) (iii)

Photoresist

Laser BOE removal i
writing
= = =
(v) (vi)

Bl si [ PECVD SiO,
I Photoresist [l SiO, BOX

Figure 5.1 Post-processing schematics (top oxide removal) of silicon passive chips
(cross-sectional view).

Silicon ring resonators after post-processing could have low loss and high Q
factors. After top oxide removal, SEM images show revealed a silicon layer of ring

resonator (Figure 5.2).
@) ®)

Figure 5.2 SEM images of silicon resonators after top oxide removal.
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5.2.2 Photorefractive Response of a Te-Si Hybrid Device

The transfer process can be seen in section 2.2.2.1. The power-dependent
nonlinear optical response from Te thin film is measured through the high Q (~10°)
micro-ring resonators (MRRs) (Figure 5.3). The tunable Continuous Wave (c.w.) laser
is coupled into the MRRs through fibers, a polarization controller, a grating coupler,
and a bus waveguide. The insertion loss of each component (less than -10 dBm) is
considered to estimate the effective power coupled into the MRR (Pin). As the input
power increases, only the resonance of the ring covered by Te flake exhibits a
nonlinear response of blue shifts (Figure 5.3) [21]. Two hybrid devices with different
Te thicknesses and covering lengths are presented in Figure 5.3. The silicon ring
covered by a shorter Te flake (1.6 pm) shows the resonance shifts (41) up to 66 pm as
Pin increases from -13 dBm to -10 dBm (Figure 5.3(a)). The silicon ring covered by a
long Te flake (15 wm) shows the resonance shifts up to 240 pm as Pin increases from -
15 dBm to -9 dBm (Figure 5.3(b)). For these two hybrid devices, the Quality factors
(Q), the resonance shifts (44), and related effective index change (dneft (Te-Si)) of the
Te-Si hybrid device under each power level are extracted in Table 5.1. Lumerical
Mode simulation was conducted to calculate the refractive index change in Te (4n
(Te)) after increasing the input power to -10 dBm. It showed the refractive index of Te
decreased by about 0.2 after increasing to the highest power (Figure 5.4), leading to
the total effective index of Te-Si reduction and resonance peak blue shift. The same

phenomenon was observed from Lithium Niobate cavities [17]-[20][22].

90



(a) — — Te (C) .

o
a Si o>’
A Si0, &
Covering length Thickness Covering length Thickness
L=1.6 um t=10 nm L=15 pum =30 nm
(6) . @
— -30
T 7 35 "Pn=-8dBm
S22 NN 2 -
5 24t i E AO foe T e 12ldBn‘|
z >
% -26 £ s
= = ~15dB
£ 28 = _ "
@ 3 -50
-30 -13 dBm
-32 -55 : :
15389 153895 1539 153905 15382 15384 15386
Wavelength (nm) Wavelength (nm)

Figure 5.3  Photorefractive effect of Te thin films. (a) Schematics of one thin Te
flake (thickness=10 nm, covering length=1.6 pum) directly integrated on
one silicon ring resonator. (b) Measured and fitted nonlinear
Photorefractive response for the hybrid device under different power
levels. (c) Schematics of one Te flake with different thicknesses and
covering length (thickness=30 nm, covering length=15 pum) on one
silicon ring resonator. (d) Measured and fitted resonance transmission
spectra for the hybrid ring resonator with the Te flake.
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Figure 5.4 Simulation of (a) Te and Si hybrid waveguide before increasing input
power Pin, and (b) Effective index of Te and Si hybrid waveguide after
increasing input power Pip.

P,, (dBm) -13 -12 -1 -10 P;, (dBm) -15 -12 -9
Qin (K) Qi (K)
Q. (k) 30.0 | 30.0 30.0 35.9 Q. (k) 177 17.7 17.7
Q (k) 208 | 208 20.8 244 Q (k) 12.8 12.8 12.8
A2 (pm) Ad(pm)
Ang (Te-Si) Angg (Te-Si)
An (Te) An (Te)

Table 5. 4 Resonance shifts (41), Q factors (intrinsic Qin, coupling Qc, total Q)
and effective index change (d4nert (Te-Si)) in the Te-Si waveguide, and effective index
change in Te under different input powers for two devices in Figure 5.3. Negative
signs in 4. and Aneft indicate wavelength blue shift (towards to shorter wavelength)
and reduced effective index.

The curve fitting to extract Anest is from transmission spectra which is given by [23]:

(5.1)

[y —axee”

T = —
|1 —axyx*e /92

where v is the transmission factor of the ring resonator, « is the linear loss of the ring,
the phase 6 = 2fneffL, and L is the effective length.

In this case, the phase is contributed both from the Si waveguide and Te-
covered Si waveguide [23]:

2T 2T

9 = Tneff_SlL + TneffTe—Si(I)LTe’ (52)
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where Lre is the covering length of the Te flake, L is the perimeter of the Si ring, nest si
is the effective index of the Silicon waveguide, nes Tesi(l) is the power-dependent

effective index of the Te-Si waveguide.

Table 5.1 summarizes the resonance shift (44) in wavelength under increasing
power levels, for two hybrid devices with varying Te geometries. The coupled mode
theory (CMT) model is used to extract the exact intrinsic (Qin), coupled (Qc), and total
quality factors (1/Qt = 1/Qc + 1/Qin) from the nonlinear transmission spectra (dashed
curves in Figure 5.3) [14]-[16]. Qin is sensitive to the change of extinction coefficient,
as well as nonlinear absorptions (such as two-photon absorption, and free carrier
absorption). Q¢ is fixed by the geometry. Even with significant resonance shifts up to
one FWHM, no additional/nonlinear absorption is reflected from that extracted Q,
indicating the purely dispersive nonlinear response in Te. Te flakes with longer
covering lengths can have larger wavelength shifts. The wavelength shift (41) is
proportional to both the covering length (L) and effective index change (dneff) of the
hybrid device with corresponding Te covering length [23]. In order to exclude the
factor of covering length, effective index change (d4neff) was extracted considering the
effect of covering length (4ner) for further analysis based on fitting results. It reveals
that nonlinear power-dependent effective index change (dnef) of the Photorefractive

(PR) effect [22].

For the hybrid device in Figure 5.3(a), the optical response was characterized

by the increasing input power from -13 to -10 dBm and then decreased to -14 dBm
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(Figure 5.5). Results show that the response is non-volatile. Reduction of input power
to a lower level (-14dBm) comparing the original power level (-13dBm) doesn’t make
the response go back to the original state. Material properties have been changed.

Micro-Raman spectrum is used to verify the material change in Section 5.2.4.
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Figure 5.5 Non-volatile optical response of Te-Si hybrid device in Figure 5.3(a)
under increasing input power Pin from -13 to -10 dBm, then decreased to
-14 dBm.

5.2.3 Thickness-dependent photorefractive response
Power-dependent effective index change (A4ner) for two hybrid devices with
different material thicknesses is presented in (Figure 5.6). Under the same power, the

thinner Te flake exhibits a stronger Photorefractive effect.
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Figure 5.6  Power-dependent effective index change (4neff) of the two hybrid devices
with different Te thicknesses. The extracted effective index change has
already considered the impact of covering length on the phase shift.
Circles are experimental data and dashed lines are curve-fitting results for
the two Te flakes.

5.2.4 Material characterization for the PR process

To study the mechanism of material change leading to the resonance blue shift
in Figure 5.3, non-invasive Raman spectra were conducted to probe the laser-
irradiated region of Tellurium on Si substrate (Figure 5.7 (a)). The acquisition time of
5 minutes was set for the Raman characterization. Raman spectra show not only the
original peaks E1, E2, and A; of as-synthesized Te, but also peaks at 432 cm™ and 670
cm® with a bump in the lower wavenumber below 100 cm™ (Figure 5.7 (b)). This
observation is consistent with the work reported in the literature, indicating that the Te
is being oxidized to glassy-TeO- [26][27] (Figure 5.7 (c)). This result shows that the
Te flake was partially oxidized after laser irradiation, partially transiting to TeO. [24].
As the glass-TeO; (n~2.2) has a lower refractive index than Te (n~4.7 at 1550nm),

after transiting to TeOy, the total effective index of Te-Si hybrid device decreased and
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led to the resonance blue shift [25]. As the thinner layer of Te is much easier to be

oxidized, the oxidized proportion should be higher than the thick film, leading to a

large refractive index change in Figure 5.3.

(a)

Figure 5.7

.
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Laser irradiated Te oxidization. (a) Schematics of Raman laser irradiated
Te thin film. (b) Measured Raman spectra of Te flake after 5 mins’ laser
irradiation. (c) Reported Raman spectra of laser irradiated Te flake after 5
mins [26][27].

5.3 Intrinsic loss induced by Tellurium thin film

The linear responses of hybrid MRRs are also analyzed. After transferring the

Te flake with different covering lengths, the Intrinsic Quality factor Qin has degraded

for different levels. Intrinsic Quality factors are extracted based on transmission

spectra for three rings without (wo Te) and with different Te (w Te) covering lengths
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(Figure 5.8). And the corresponding change of intrinsic loss rate (4yin) without (wo
Te) and with Te (w Te) flakes for the hybrid devices are compared.
The intrinsic loss rate (yin) relating to material absorption and scattering loss is
inversely proportional to Qin and can be derived as:
Wo
Yin = 5>
" Qin

where wo is the angular frequency of the resonance.

(5.3)

After transferring the Te flake to the Si ring resonator, Qin degraded as more
intrinsic loss is induced by the Te flake. The increasing intrinsic loss rate after
transferring Te can be defined as:

AYin = Yin(Wre) — Yin(Wore), (5.4)
where the term yin (W_Te) indicates the intrinsic loss rate after transferring the Te
flake, and the term vin (wo_Te) indicates the intrinsic loss rate before transferring the
Te flake.

After transferring the Te flake, the intrinsic loss rate increases (Figure 5.8).
And the Te with a longer covering length has a larger increase in the intrinsic loss rate,

caused by more material absorption and defect states of the hybrid device.
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Figure 5.8 (&) Intrinsic quality factor (Qin) change of three-ring resonators without
and with Te thin film of different coverage lengths (L). (b) Extracted total
intrinsic loss change (4yin) introduced by Te with the different covering
lengths for three MRRSs.

5.4 Summary

In this work, we report the photorefractive response from Te flakes which can
be used for resonance trimming of a Si MRR. The power-dependent and refractive
index change in the 2D Te is characterized by the foundry-manufactured high Q MRR
defined in the substrate. Blue-shifted resonance is associated with partial photo-
oxidation of Te to TeO> in a hybrid device under optical excitation, and the estimated
refractive index change is near -0.2 without any nonlinear loss. The resonance

trimming efficiency is higher in thinner 2D-Te flakes since a thinner layer of Te is
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easier to be oxidized. Compared with other resonance trimming methods [28]-[31],
this scheme is power efficient, highly efficient in tuning, and has a small device
footprint. Given the stability and nonvolatility of the refractive index change, the Te
integration in integrated photonics may pave the way for resonance trimming required

for quantum optics applications.
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Chapter 6

LASER WRITING ENABLED DEVICE PATTERNING AND MATERIAL
PHASE CHANGE

6.1 Introduction

Chalcogenides (ChG) are those types of materials that contain one or more
chalcogen elements from group VI in the periodic table. They have the unique optical
properties of infrared transparency, nonlinearity, and photosensitivity [1]. This makes
chalcogenide materials have wide photonic applications such as infrared sensing,
optical signal processing, and reconfigurable photonic devices [1]-[7]. The Direct laser
writing (DLW) technique interacting with Chalcogenide materials could provide
flexible and low-cost ways for versatile mask-free micro-fabrication and material
processing [8]-[16]. In the past, there are limited studies on how to reduce the feature
size of writing patterns and in the parallel process the nanomaterials. And most studies
using DLW only focus on single-point dosage tests [8][14][17].

In this work, a nanosecond sub-bandgap near-infrared laser was used to
conduct power-dependent ablation and phase change on chalcogenide materials. By
controlling the pulsed laser dosages such as intensities, exposed pulse numbers unit
time, and repetition rates, the effects on feature size reduction for device patterning
and material phase change were studied. A variety of materials from dielectric
materials to chalcogenide semiconductors have been tried for the dosage study to

reduce the feature size. Based on the phase change nature of some chalcogenide
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materials (GexSh>Tes), it is able to achieve applications of laser-patterned tunable

devices, such as gratings.

6.2 Experiment results

6.2.1 Experimental setup schematics

Figure 6.1 shows the schematics of the experiment setup. Three optical
pathways are coupled onto the sample for alignment, illumination, and laser writing. A
low-power (< 4 mW) HeNe laser (633 nm) is used for optical alignment (red
pathway). A pulsed HIPPO Nd:YAG laser (center wavelength 1064 nm, pulse
duration of 10 ns, repetition rate of 10k Hz-500kHz, and duty cycle of 0.05%) is
focused onto the sample using a NIR objective (Mitutoyo, 50%, NA=0.42)(grey path in
Figure 6.1). The objective reduces the diameter of the Gaussian beam from 0.6 mm to
6 um. A collimated white light is used to illuminate the sample. After reflecting from
the sample, it couples into a CCD camera for getting real-time images of the patterned
sample (yellow path in Figure 6.1). The sample is mounted on a motion stage (Physics
Instruments) with automatic translation controls in the x, y, and z directions with 50
nm spatial resolution and a 1 cm traveling distance. The speed, direction, and distance

of stage movement can be programmed on the computer.
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Figure 6.1 Schematics of Laser writing setup. Three well-aligned light sources (633
nm c.w. laser, illumination light, 1064 nm pulsed laser) are coupled onto
the sample for alignment, illumination, and laser writing purposes,
respectively. Reprinted/Adapted with permission from [25] © Optica

Publishing Group.

6.2.2 Laser dosage study on different materials

Several materials from dielectrics to semiconductors are used for patterning
and dosage study to realize small feature size: sapphire, Titanium-coated Lithium
Niobate (Ti-LN), chalcogenide compounds Ge23Sh7S7o and GezShoTes [18][19].
Sapphire and Titanium-coated Lithium Niobate (Ti-LN) are bulk film samples
(thickness of 500 pm). GezSh,Tes and Ge23Sb7S7o powders are purchased off-the-shelf
as source material (Irradiance glass. Inc.), then deposited in a Physical Vapor
Deposition chamber at room temperature to have the thickness of 80 nm and 450 nm,

respectively [19]. Smooth straight lines are obtained by carefully adjusting the laser

power level and the speed of the motion stage (Figure 6.2).
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Figure 6.2 Optical images of writing inscriptions on (a) GST, (b) GSS, (c) Sapphire,
and (d) Ti-LN. Reprinted/Adapted with permission from [25] © Optica
Publishing Group.

To reduce the feature size, a dosage study is conducted by varying different
parameters of laser pulses: pulse energy, speed of the motion stage (to reduce the
exposure time of each pulse on samples), and repetition rate [20]. A surface
profilometer (Dektak XT, Bruker) is used to measure the linewidth profiles of laser
inscription. The width of the feature size under different parameters for those materials
can be seen in Figure 6.3. First, we set the laser power levels in the range from 0 to 0.8
mJ/pulse under the same motion stage of 5mm/s and a repetition rate of 15 kHz. As
the pulse energy decreases, the linewidth has a significant reduction for all materials
(Figure 6.3(a)). Then keeping laser pulse energy at 0.4 mJ/pulse and a repetition rate
of 15 kHz, a motion speed range of 1~12 mm/s is set. As the speed increases, the
exposure time on the sample unit length is decreased and the linewidth reduces (Figure

6.3(b)). Results in Figure 6.3(b) are not the optimal results for each material, only
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show a varying trend. Later, under a higher repetition rate (for GST) from 150~450

kHz, and the constant laser pulse energy at 0.4 mJ/pulse and motion stage of 10 mm/s,

the linewidth can be significantly reduced (Figure 6.3(c)). This is because a higher

repetition rate will induce more pulse numbers in unit time, and further reduce the

interaction time of each pulse with materials. From the dosage study on those

materials, GST can achieve a small feature size down to 6 um (based on results from

Figure 6.3(a)(b)). In addition, owing to the attractive phase change material property,

we further choose GST as the main material to study the application of laser writing.
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Figure 6.3 Laser dosage study for reduced feature sizes under (a) different pulse
energy levels, under a constant speed of 5 mm/s and constant repetition
rate 15 kHz; (b) different speeds under pulse energy of 0.4 mJ/pulse and
constant repetition rate 15 kHz, and (c) different repetition rates, under
the constant pulse energy of 0.4 mJ/pulse and constant speed of 10 mm/s.
(@) and (b) are for a series of materials from dielectric materials to
semiconductors. (c) is for GST only. Reprinted/Adapted with permission

from [25] © Optica Publishing Group.

6.2.3 Laser-induced phase transition for Ge2Sb2Tes

GexShoTes is a kind of Chalcogenide compound that has unique optical

properties. For the amorphous phase of GST, it can be converted into the poly-

crystalline phase by adding a stimulus. By adding a stimulus of different parameters, it
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can reversely go back to the amorphous phase (Figure 6.4) [3][21][22]. The material
doesn’t need continuous stimulus to maintain the current phase (as non-volatile). The
two states have a large contrast in refractive index (4n>1) (Figure 6.5) that could be

widely used in optical switches, memories, and reconfigurable devices [4]-[7].
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Figure 6.4 Schematics of GST phase change [22].

In this work, GST was deposited on a glass substrate as the amorphous state by
using Physical Vapor Deposition [19]. After baking it at 200°C over its phase change
temperature (around 150°C), it converted to the crystalline phase. And the two phases
have distinct refractive index contrast from visible to near-infrared wavelength,

measured by Ellipsometer (Flgure 6. 5)
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Figure 6.5 Measured Refractive index (n,k) of GST thin film before (a-GST) and
after baking (c-GST) at 200°C. Reprinted/Adapted with permission from
[25] © Optica Publishing Group.

For the laser interaction with thin film GST, transition regimes from the phase
change to the laser ablation (e.g. non-thermal melting, thermal phase melting, and
ablation) are determined by the increasing laser pulse energies (Figure 6.6(a))
[17][23]. At the very low laser pulse energies (level | in Figure 6.6(a)), the light-matter
interaction leads to a phase transition in GST that enables a very slight volumetric
effect and high-contrast photonic patterns (Figure 6.6(a)(b)). In this stage, a partial
crystalline phase transition occurs on the top surface of an a-GST thin film. As the
laser pulse energies increase (level 11 in Figure 6.6(a)), crystalline GST could melt so
that the reflow process forms the cross-section profile [23]. At the high pulse energies
(level 11 in Figure 6.6(a)), the GST would be completely ablated around the center of
the beam [17]. The topology of the different regimes of the patterned GST under
increasing pulsed energy levels is present in Figure 6.6(a). Regions labeled ii or iii in
Figure 6.6(a) are crystalline states, while regions labeled i are amorphous GST.
Figures 6.6(b) and (c) show the perspective view in the optical image and SEM image
for the regime of level 1. Figure 6.6(d) shows the optical images for the regime of level
Il and level 111.

Raman characterization is used to study the laser-written GST for the regime
of level 1l (Figure 6.6(e)). Three Raman peaks are shown for a-GST (black curve in
Figure 6.6(e)). The dotted and solid red curves are ¢c-GST in the reflow (ii) and middle
region (iii) of the laser-exposed regions. Raman peaks for the metastable face-centered

cubic (fcc) state of c-GST are shown in the ii and iii regions. Only the stable
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hexagonal close-packed (hcp) lattice structure is existed in region iii [24]. The phase
transition temperature from the amorphous state to the crystalline fcc state is around
150°C, while the stable hcp structure starts to appear over 220°C [24]. The cross-
sectional profile by AFM shows the thicker c-GST on the side than in the middle
region (Figure 6.6(f)). For the laser pulse energies higher than 32 pJ (threshold energy
level) (Figure 6.6(d)), the c-GST in the middle is totally ablated, transiting the regime

from level 11 to level I11. This is consistent with the prior work [17][23][24].
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Figure 6.6 Laser-induced phase transitions and ablation on GST. (a) Schematics of
GST state evolution under low (1), medium (11), and high (I11) laser pulse
energy dosage. The dark grey(ii), light gray(i) and blue areas represent
crystalline, as-deposited amorphous GST and silica substrate
respectively. (b) Optical imaging, and (c) SEM imaging of laser-induced
phase transitions on GST at pulse energy level I indicated in (a). Note
lines in (b) and (c) are not the same ones from laser writing, but both
have the Raman spectra as Region ii in (e). (d) Laser-induced ablation on
GST at higher power levels (I1 & I11). (¢) Normalized Raman spectra of
GST sample exposed to laser pulse energy at the level | and 1. Regions ii
and iii are c-GST and region i is a-GST. (f) Raman fcc peak of ¢c-GST
(Red solid square dots) and cross-sectional profile in the z-direction (red
curve) versus position along the x-axis for power levels Il. The GST
profile is obtained at the translation speed of 5 mm/s and laser pulse
energy of 30 wJ. Reprinted/Adapted with permission from [25] © Optica
Publishing Group.

6.2.4 Device patterning on Chalcogenide Ge2Sh2Tes

Based on the dosage study results and unique material properties of GST, we
adopt the laser writing technique to fabricate some basic planar photonic devices for
proof-of-concept, such as gratings and metalens [20][25]. By changing the phase of
GST, the patterned devices will have tunable optical responses, such as tunable
gratings for sub-bandgap spectra applications and tunable focal length metalens. The

rest of the contents will discuss the measurement results on grating structures.

(@) 0
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Figure 6.7 Laser patterning on GST to form (a) gratings [25], and (b) metalens [20].

Here, a laser-patterned grating structure with a micrometer scale is studied by
characterizing its reflection spectra using Fourier transform infrared spectroscopy
(FTIR) [26][27]. Unpatterned GST thin film before (a-GST) and after baking (c-GST)
is measured as a reference compared with patterned GST structures (Figure 6.8(b),
Figure 6.9). For unpatterned thin film GST samples, the reflection after baking to

transit into the crystalline state (c-GST) is higher than before baking (a-GST) [21].
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Figure 6.8 (a) Schematic of FTIR for angled reflection measurements on
unpatterned GST sample. (b) The measured reflection spectrum of
unpatterned thin film a-GST and c¢-GST samples. Reprinted/Adapted
with permission from [25] © Optica Publishing Group.

To have a smooth structure, the optimized laser pulse energy (25~26 pJ) and
stage speed (10 mm/s) is adopted for reducing the feature size on a-GST samples
(referring to laser pulse energy level Il in Figure 6.6(a)). Gap linewidths of 6 pum and 9
um were formed under laser exposure pulse energies of 25 and 26 pJ, respectively

(Insets of Figure 6.9(b)). The GST strip width is written to be 8 um. The two samples
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exhibit similar reflection spectra for the first-order diffraction peak with a maximum
reflection at the wavelength of around 1.7 um. The reflection spectra show higher
reflectivity for gratings with a larger lattice constant (Figure 6.9(b)). The measurement
results are consistent with the numerical simulations (Figure 6.9(c)). The simulated
cross-sectional mode profile around 1.7 pm shows that the highest electric field
intensity is located around the side edge of the a-GST strips. For the patterned grating
with the lattice constant (a) of 14 um, the reflection spectrum is measured after baking
it at 200°C. The patterned GST grating turns into the all-crystalline structure (insets in
Figure 6.9(d)) with an increased reflection spectrum. This is consistent with simulated
results (Figure 6.9(e)). Tunable grating structures of laser writing GST under different

laser pulsed energies and different phases of GST are demonstrated.

(b) Different dimensions (c)
0.5 : = 0.6
Hi »
Q 3 o]
< > e = 0.41
2 0.3 P a=17 um 4 )
(a) ~ / P~
Laser patterned 2 T = 0.3
GST grati =02 e b g =
— 7 ll I =024
g | 2
=01 '= 1 @y
Sample -+ [a=14um
: 0.0 i 0.0 " .
gl ' Wavelength () " Wavelength (un)
r avelength (um avelength (um
‘
d . e
Lens (d) Different phases ©
0.5 ; i ! i 0.5
~ |e-GST .
FTIR Reflection g 041 .§0 A B
Source detector g ’ After annealing ‘g : c-GST
50.3 %0_3
4 4 .
=1 - a-GST
£029 /-~ 1a-GST S02
g =
MV V- VREE &
S Level II A
0.0 T T T T r T T
2 3 4 00 1 2 3 4
Wavelength (um) Wavelength (jum)

113



Figure 6.9 Measured and simulated reflection spectra of laser writing GST grating.
(@) Schematic of FTIR setup for angled reflection measurements. The
incident angle 0i = 5°. The reflection angle 6,=25°. (b) Measured and (c)
simulated reflection first-order diffraction spectra of the laser inscribed
ChG grating (a-GST) has the lattice constant of 17 pm (red curve) and 14
um (blue curve). The GST strip width is 8 um for both devices. The laser
energy levels are 25~26 pJ (level II in Figure 6.6(a)). Insets in (b):
microscope images of a correspondent device (Scale bar: 10 um). Inset in
(c) Cross-sectional optical mode profile near the edge of the grating. (d)
Measured and (e) simulated first-order diffraction spectra before and
after GST phase change for the grating with a lattice constant of 14 um,
fabricated with laser energy of 25 uJ. Insets in (d): Cross-sectional
schematics of the laser-patterned GST grating before (red curve) and
after (blue curve) baking at 200°C. The light and dark grey represent the
a- and c-GST regions, respectively. Reprinted/Adapted with permission
from [25] © Optica Publishing Group.

6.3 Summary

In this chapter, the direct laser writing technique for micro-device patterning
and material phase transition is demonstrated. By choosing an optimized pulsed laser
dosage, the infrared laser can have the sub-bandgap patterning features to form high-
contrast photonic features across dielectric and semiconductor materials. Under
controlled exposure dosages, the nanosecond laser can have transition regimes from
the non-thermal phase change to the thermal ablation on chalcogenide materials.
Without the need for the mask, planar patterns like gratings are generated on phase
change material GST. And the reflection spectra could be tunable by controlling its

geometry spacing or transiting its phase for reconfigurable device applications.
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Chapter 7

SUMMARY AND FUTURE WORK

7.1 SUMMARY

This thesis presents a few topics related to silicon photonics: performance
evaluation of silicon Mach-Zehnder Modulators after cosmic radiation; hybrid
integration of some low-dimensional materials (Graphene, Tellurium) on silicon
platforms for applications of high-speed optoelectronic devices and all-optical
trimming devices. Finally, a nanosecond direct laser writing platform is demonstrated
to have low-cost, mask-free device patterning and material phase change.

First, the performance change of silicon MZMs after cosmic radiation was
investigated. Low-cost and compact silicon photonics chips may be used in laser
communication in aerospace in the future, replacing conventional bulky, data-rate-
limited RF communications. While the performance reliability of silicon photonics
devices against cosmic radiation is unknown. Silicon chips including MZMs were
loading in the forward direction of ISS for 1 year of cosmic radiation. After that,
device performance was re-evaluated and compared with the one before radiation.
90% of devices in the same die can work normally after cosmic radiation. Optical
transmission spectra, electrical response (I-V, C-V), EO (DC) response, and the high-
speed response of MZMs have been measured and analyzed. Increased effective index
(on the order of 10%), and increased dark current are observed. It also shows that a
reduced carrier recombination lifetime of about 50% leads to a nearly doubled 3dB

bandwidth of high-speed response. Possible solutions against the radiation effect are
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suggested. This work paves the fundamental step for future deploying silicon
photonics integrated circuits for space optical communications.

Secondly, directly contacted graphene silicon hetero-junction was analyzed by
a small signal model for high-speed optoelectronic applications. For direct-contacted
graphene silicon hetero-junction, the voltage-dependent hetero-junction variations are
studied by fitting the small-signal model to the broadband RF response. The fitted
results show the junction variations which is most significant for hetero-junction
capacitance in G-n/Si region. This is consistent with the simulated built-in electric
field which also has the largest variation in the same G-n/Si interface under increasing
forward bias. It indicates that the forward bias could change the G doping levels,
vertical built-in electric field, and junction capacitance on G and Si interface, with the
RC constant of 1.5ps or even smaller. This result can be used for designing RC
constant limited high-speed optoelectronic devices based on the Si platform.

Following the configuration of directly contacted G-Si hybrid structure, device
modeling of G-Si modulators is numerically studied. Modulating graphene’s carrier
density by biasing silicon substrate, built-in electric field enables reduced RC constant
and ultrafast carrier transportation in G between G-Si interface for highly efficient and
high-speed operation. The designed G-Si interface and optimized doping profiles show
that the hybrid G-Si Mach-Zehnder modulator (MZM) exhibits a very low V,-L of 1.19
V-mm and high-speed response at least 59 GHz for efficient and high-speed
modulator applications.

Thirdly, the photorefractive effect of Tellurium (Te) is investigated. Tellurium
nanowire was predicted to have strong optical nonlinearity (such as second-order

susceptibility), but there is no work to experimentally discover whether thin-film

119



Tellurium possesses other nonlinearity, such as the Photorefractive effect. In this
work, the Tellurium flake was transferred to a silicon ring resonator with low loss and
high-quality factor to probe the nonlinearity. An obvious photorefractive effect was
discovered under the increasing input optical power. Raman spectra verified that the
laser-irradiated Tellurium flake got oxidized to TeO2 which has a lower refractive
index than Te. Partial oxidation of Te thin film to glassy-TeO- leads to the reduced
refractive index for the resonance blue shift. This can be used for wavelength
trimming for undesired fabrication randomness of MRRs in chip-scale photonic
applications.

Lastly, a nanosecond laser writing platform for micro-device patterning and
material phase change is demonstrated. By controlling the laser dosages, different
regimes of laser material interactions from ablation to non-thermal melting are
demonstrated. The platform enables low-cost and mask-free sub-bandgap device
patterning at the micrometer scale. And it could have material phase change on some

chalcogenide material Ge2SbTes for tunable device applications.

7.2 FUTURE OUTLOOK

Some topics in some chapters could be extended for future study.

For the Graphene silicon modulators, experimental parts could be conducted
and further studied. The high modulation efficiency of directly contacted graphene
silicon modulators should be evaluated and studied.

For the reliability of silicon devices after the harsh environment, this work only
focuses on the permanent changes in the device performance after cosmic radiation.
The real-time in-situ study of the performance change could be explored in future if

possible. The real-time testing platform (hardware, software) needs to be customized
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and designed. For the contents in the Chapter, the silicon chip was only placed on the
RAM (forward direction) side of ISS. The impact on the performance of the silicon
chip if it is placed on the other side (e.g., back, side) of ISS is still unknown. This
could be further investigated in future.

For the Tellurium-based devices, Pockels effect modulators could be explored.

For the direct laser writing technique, as the patterning resolution is dependent
on the laser wavelength, a smaller wavelength, e.g., 532 nm, could be used to further
reduce the writing feature size by adding the second harmonic generation head in front

of the laser output port.
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