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ABSTRACT

Mid-infrared group IV photonics is a vibrant field, which aims to migrate techniques
used for near-infrared silicon photonics to longer wavelengths in order to build photonic
integrated lab-on-a-chip sensors that can be applied in areas such as remote sensing,

homeland security, medical diagnostics or environmental monitoring.

In order to create mid-infrared lab-on-a-chip sensors, both passive and active devices
are required. Passive deceives for wavelengths up to 4 um can be created using the
silicon-on-insulator waveguide platform, which is commonly used in the near-infrared,

and is compatible with the standard and developed near-infrared fabrication techniques.

Graphene is a 2-D material that has excellent electronic and optical properties. It can
interact with light from microwave to ultraviolet wavelengths, making it a potential

candidate for light detection applications over a wide spectral range.

By taking advantage of the wide transparency range of group IV platforms in the mid-
infrared and the 2-D nature of graphene, this project is aiming to investigate the inte-

gration of graphene mid-infrared photodetectors with silicon waveguides.

In this project, two different designs of SOI waveguide integrated graphene mid-infrared
photodetectors have been fabricated and characterised, exhibiting responsivities of 2.2
mA /W at the 3.8 ym wavelength, which is the longest wavelength demonstration up date
of waveguide integrated graphene photodetection. In addition, these devices exhibited
photodetection at wavelengths up to 7.7 pm, confirming that graphene is a promising

detector candidate for even longer wavelengths.
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Chapter 1

Introduction

Silicon photonics investigates optoelectronic devices made from silicon (Si) and silicon
compatible materials. It has been shown that silicon photonics has the capability of oper-
ating in the mid-infrared (MIR) (2-20 pm), although integrated silicon photonics devices
for near-infrared (NIR) (780-2000 nm) data telecommunication applications (especially
in 1.55 um wavelength) are still drawing great attention. New techniques are required
to extend silicon photonics from NIR to MIR wavelengths. If successful, applications
such as spectroscopy, chemical and biological sensing, and free space communications

can benefit from on-chip optoelectronic systems [1].

This project focuses on waveguide integrated photodetectors based on group IV mate-
rials. Silicon has the inherent disadvantage of being an indirect bandgap semiconductor
with a centrosymmetric crystal structure, and it lacks many essential properties to be
used for active optoelectronics devices such as lasing and electro-optic modulator. Thus,
introducing new materials to silicon may be the best option for achieving complex pho-
tonic integrated circuits. Graphene can interact with light from the ultraviolet (UV)
to terahertz (THz) range, which makes it a promising material for realising optical de-
tection in the mid-infrared range when coupled with group IV platforms. This report
presents the investigation of waveguide integrated graphene mid-infrared photodetectors

for the 3.8 pm wavelength.

1.1 Near-infrared silicon photonics

The driver for the development of high data-rate and bandwidth in communication links
originates from the increasing demand for high-speed internet services, and has boosted
the investigation of silicon photonics. Long distance telecommunications have hugely
benefited from the developed technology of low loss optical fibres but communication

at shorter distances (such as inter-chip and intra-chip) is still under research [2]. The
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ever-improving clock speeds and high level of integration required means that using
electrical signals and copper wires becomes a bottleneck for ever shorter distance data-
links. Large scale data centres are limited by the demands of increasing bandwidth and
energy consumption from copper interconnects. Thus the emergence of silicon photonics
is promising for overcoming these limitations being a high volume low-cost data link

choice.

Silicon photonics investigates devices that are mainly made from silicon and germanium,
and it is also known as group IV photonics. Silicon photonics benefits from the previous
development of fabrication processes by the microelectronics industry, which enables low-
cost high-volume fabrication. Moreover, it is possible to integrate the optoelectronics
components and complementary metal-oxide-semiconductor (CMOS) electronic devices
on the same chip, which can be used to build a large bandwidth backbone system
for optical interconnects required in multi-core CPUs [3]. Since the same materials
and fabrication procedures can be applied as for current microelectronics fabrication,
silicon photonics has become popular in both industry and academia and holds the
promise of low cost and the potential to integrate both CMOS electronic and photonic
components on the same chip. The principal research interests in silicon photonics
have been targeted in the communication field and especially for data-centres, with the
development of passive devices such as waveguides, wavelength division multiplexers
[4-6], splitters [7, 8], and actives devices for example modulators [9-12] and detectors
[13-15]. A number of commercial products have resulted from the development of silicon
photonics in the near-infrared, such as the 100G optical transceiver by Intel [16], and
embedded optical modules by Luxtera [17]. IBM [18] and Rockley Photonics [19] are

also investigating silicon photonics.

Even though the majority of the interest is focused on communications, silicon photonics
can play a strong role in sensing. The sensing area has a wide range of applications from
measuring physical quantities, such as temperature [20], pressure [21], humidity [22],
and strain [23], to bio-medical sensing [24-27]. For instance, the biomarker and protein
digestion kits provided by Genalyte Maverick system [28] contain a silicon photonics
ring resonator integrated with microfluidics that acts as a biosensor. When a sample
flows through the chip, an analyte of interest that is present in the sample interacts with
the biologically functionalised surface, resulting in a change of the refractive index. By

monitoring the refractive index changes in the analyte can be detected in real time.
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1.2 Mid-infrared photonics

The mid-infrared is commonly defined as the wavelength range from 2 pm to 20 ym. In
the early stages of silicon photonics research, there were not many researchers across the
world investigating the group-IV materials in the mid-infrared range. With the develop-
ment of silicon photonics in the near-infrared, more and more attention has been paid to
longer wavelengths. MIR silicon photonics can benefit from the well-developed processes
and devices in the telecom wavelength range as many of the processing techniques and
design methods can be implemented at longer wavelengths. It is also worth pointing
out that, since MIR waveguides are inherently larger than those in the NIR, fabrication

tolerances are more flexible in the MIR.

There are many potential applications for silicon photonics in the MIR. One of the most
important fields is chemical and biological sensing, such technology could be used to
fabricate “lab-on-a-chip” integrated sensors, as many organic molecules and gases have
their vibrational states within the so-called fingerprint region (8-12 pm) [29]. Therefore,
military and aerospace technologies can benefit from MIR photonic integrated circuits
operating within the atmospheric transparency wavelength window from 8-13 pm, to de-
velop products for missile detection and tracings, dangerous species detection [1], remote
sensing, and free-space communication. In terms of medical and biological applications,
there is interest in building small, cheap, portable and mass producible detectors, one
example is a cocaine sensor in human saliva at 5.3 um wavelength that was made from
Ge-on-Si waveguides [30]. Another example is an environmental sensing system made
up from mid-infrared sensors, that has been applied in real time monitoring of haz-
ardous subsea pollutants for the purpose of protecting global water resources [31]. The
attraction of building low cost, mass producible and portable sensors based on group-IV
photonics in MIR will attract an increasing number of researchers and industrial compa-
nies in the near future. The trend is heading towards chip-scale integration, which could
provide better performance, smaller sizes, lower power consumption, and higher relia-
bility than existing optoelectronics systems, thus several building blocks are required to

realise the lab-on-a-chip functionality [32].

e Integrated sources and detectors:

Integration of light sources and detectors is crucial to achieving a lab-on-a-chip
system, and it could greatly reduce the losses from coupling light in and out of the
chip. To build a truly portable remote sensor, integrable sources and detectors are
necessary since the commercial external sources and detectors available are not

only bulky but also very expensive.

e Waveguides:

Low loss waveguides are essential for routing light and for building other devices

such as Mach-Zehnder interferometers (MZI) and ring resonators. In terms of
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sensing application, it is necessary that waveguides can operate over a wide wave-
length range so that a variety of compounds can be sensed. This thesis presents a

review for different platforms that can be used in the MIR.

e Splitter, couplers, and multiplexers:

These structures are based on waveguides with optimised dimensions that can
split, guide and combine light, such as directional couplers, y-splitters and multi-
mode interferometers (MMI). As for multiplexers, several devices such as angled
multimode interferometers (AMMI), arrayed waveguide gratings (AGW) and MZI

or rings can also be applied for this purpose.

e Structure for enhancing optical interaction with analytes:

In general, most of the optical mode is confined in a defined optical waveguide
while propagating. For the purpose of increasing the light-matter interaction,
resonant structures can be used such as resonators, Vernier devices or photonic

crystal waveguides to slow the propagation of light.

e Modulators:

For lab-on-a-chip sensors, integration of modulators can be ideal for on-chip signal
processing purpose, using them as lock-in amplifiers to improve the signal-to-noise
ratio. High-frequency modulation is not necessary for sensing applications. On the
other hand, for free-space communication and data communication, modulation

speed is very important.

The use of silicon-on-insulator (SOI) is a logical first step in MIR research because many
of fabrication and characterisation procedures used in NIR can be implemented in the
MIR.
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1.3 Two-dimensional materials and graphene

Two dimensional (2-D) layered materials are defined as materials artificially derived from
van der Waals solid formed layers where atoms are held together by ionic bonds along the
2-D surface plane (in-plane) directions, while atomic layers are bonded together along the
perpendicular direction (out-of-plane) by the van der Waals force [33-36]. What makes
it possible to cleave these layered through mechanical [37, 38] or liquid phase exfoliation
[39, 40] into few-atom thick or even monolayer thick sheets is the weak van der Waals
force. The most well known 2-D material is graphene, which was discovered in 2004
[41], and is made from a single layer of carbon atoms bonded together in a hexagonal
lattice. Graphene has many appealing electronic, optical and mechanical properties
[42-44]. For example, it has a gapless band-structure and is a semimetal material,
which allows graphene to interact with light from ultraviolet to terahertz wavelengths
[45, 46]. This makes graphene a promising material to be used in photodetectors over a
very broad wavelength range. Even though graphene has a high absorption coefficient
[47], only 2.3% of the incident light from the out-of-plane direction can be absorbed,
which restricts the performance of photodetectors. Consequently, many approaches have
been investigated for increasing the graphene-light absorption. Aside from graphene,
there are many other 2-D materials such as MoSs, black phosphorus (BP) and hBN
that have few to monolayer thickness that exhibit distinct electric, optical, thermal and
mechanical properties compared to their 3D (bulk) formations [48, 49]. Depending on
the composition of materials these 2-D layered materials can be metals, insulators or

semiconductors [50, 51].

The electric [52] and optoelectronic [53, 54] properties of 2-D layered semiconductors
are dependent on the number of layers due to quantum confinement effects in the direc-
tion perpendicular to the 2-D plane [55]. For example, transition metal dichalcogenides
(TMDs) [56] and black phosphorus [57] exhibit direct layer-dependent physical proper-
ties. Some 2-D layered materials have high transparency [58] and superb mechanical
flexibility [59], such as graphene, that can be used for detection, in novel wearable,
bendable and portable devices. Since the van der Waals interaction between neighbour-
ing layers does not contain any dangling bonds at the surface, the 2-D layered materials
break the lattice matching boundary and can be grown on various substrates [60]. Many
heterostructures can be designed with various functions based on stacks of different 2-D
materials. Moreover, 2-D layered materials provide a chance to tailor the carrier densi-
ties and polarity through electrostatic [61] or chemical doping [62]. This wide range of
tunable material properties together with the possibility of designing multi-functional
2-D layered materials structures, provides a chance to develop high-performance opto-

electronic devices, especially photodetectors that cover a wide spectral range.

Photodetectors convert absorbed light signal into an electrical signal and are now used
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throughout modern society. For example, they are used in biomedical imaging, opti-
cal communication, military, security checks, night vision, environmental monitoring,
scientific research, and industrial processing control. Currently, the high-performance
photodetector market is dominated by the crystal bulk silicon and germanium in the
visible to NIR wavelengths, while in the mid-infrared region materials such as InGaAs
and related ITI-V materials are primarily used because the operating wavelengths are
beyond the detection limit of silicon-based devices. These materials are very expensive
to grow and they must be cooled when operating. The appearance of 2-D layered ma-
terials with many appealing properties such as strong light-matter interaction and ease
of fabrication fill the gap of current silicon-based technologies and offers great promise

towards the achievement of novel 2-D material integrated photodetectors.

The device reproducibility and manufacturability of 2-D material devices remains a
challenge, but 2-D material technology can widely be found in research labs worldwide,
with work focusing not only on graphene, but also on other 2-D materials, such as,

phosphorene and stanene or transition metal dichalcogenides.

1.4 Thesis outline

The aim of the project described in this thesis is to present and demonstrate a waveguide
integrated graphene mid-infrared photodetector that could in the foreseeable future be
part of integrated sensor devices. Most of the effort has been geared towards waveguide
integrated mid-infrared photodetectors that could replace the currently available bulk

mid-infrared photodetectors. In this thesis:

e Chapter 2 reviews the state-of-the-art for different mid-infrared waveguide plat-
forms. This is followed by a review of 2-D materials, especially graphene in terms
of their electronic and optoelectronic properties. Then, a review of the state-of-

the-art graphene photodetectors is presented.

e Chapter 3 presents the simulation tools, fabrication processes, and experimental
setup used to develop mid-infrared waveguides with which the detectors are to be

integrated, and shows the results of their experimental characterisation.

e Chapter 4 investigates the experimental process for integrating graphene with sil-
icon waveguides. Devices were made in three generations: the first included pre-
liminary testing of graphene that was transferred by Nikolas Aspiotis in the Uni-
versity of Southampton, while the patterning and characterisation were carried
out by myself. The second and third generations were collaborations with a com-
mercial company, Applied Nanolayers, and Dr Junjia Wang from the University

of Cambridge respectively, where the two collaborators carried out the graphene
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transfer and patterning processes based on my design and all of the measurement

was carried out by me personally.

e Chapter 5 details the experimental characterisation of the fabricated graphene mid-
infrared photodetectors, and discusses the results. The electrodes were fabricated
by Applied Nanolayers and Dr Junjia Wang based on my design. The electrical

measurement was carried out at the University of Southampton.

e The conclusions for this project and possible future work are described in Chapter
6.






Chapter 2

Literature review

2.1 Introduction

This chapter includes a brief illustration of the theory and background of silicon pho-
tonic waveguides in the mid-infrared. A short description of 2D materials especially
of graphene and its properties as well as photodetection mechanisms and fabrication
methods are included, followed by a review of the state-of-the-art of graphene integrated

photodetectors.

2.2 Waveguides

At the beginning of this section, the theory of fundamental principles of waveguiding
will be discussed, followed by a review of different types of waveguides and platforms

which can be used in the mid-infrared.

2.2.1 Planar photonic waveguides

The geometry of a planar photonic waveguide includes a high refractive index dielectric
layer in the middle known as the core and it is covered by two materials with different
refractive indices at the top (n.) and bottom (ns) (Figure 2.1). Light propagating along
the waveguide is a transverse electromagnetic field; the direction of electric field and the

magnetic field are perpendicular to the propagating direction (z).

According to the Maxwell’s equations, when light propagates along a uniform refrac-
tive index medium, the following wave equations describe the transverse electrical and

transverse magnetic fields respectively [32]:
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VA

Figure 2.1: Planar waveguide diagram. ng is the refractive index of the sub-
strate, ny is the refractive index of the core and n. is the refractive of the upper
cladding.

d2Hx(y)

a2 T ke = BHx(y) =0 (21)
2
dmez(y) + [kgn® — %] Ex(y) = 0 (2.2)

From the above equations, F,(y) is the x-axis polarised electric field along the y-axis
direction and H,(y) is equivalent for magnetic field, n is the refractive index of the
medium, [ is the propagation constant and k:% = (?\—’;)2 = pocow? is the square of
the wavenumber, where w is the angular frequency, g, po, and Ay are the free-space

permittivity, permeability, and operating wavelength respectively.

In order to solve the above equations, additional conditions are needed, which are ob-
tained by introducing the boundary conditions at the interfaces, taking into account the
B = koneyy, where ngyy is the effective index of the mode. The solution of these equa-
tions has been well demonstrated elsewhere, which can be found in many publications,

such as in [32], thus it will not be shown here.

The solution of the above equations includes a sinusoidal electric (and magnetic) field
along the central dielectric region and exponentially decaying fields (evanescent fields)
in the cladding. The field inside the waveguide core can be considered as a transverse
standing wave, in order to fulfil the boundary conditions, therefore only discrete field
distributions are allowed, which are referred as the guided modes. Depending on the
number of the modes one waveguide supports, it can be classified as single mode (if only

one mode is permitted) or multimode (if more than one mode satisfies the boundary
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conditions). The number of modes that one waveguide can support is dependent on
both the waveguide geometry and the refractive indexes of the core and claddings. In
general, larger waveguides can support more modes, however, single mode waveguides

are more preferable.

For a rib or strip waveguide that can confine light in the two dimensions, the solution is
more complicated. Solving analytical equations for these complex waveguides is unreal-
istic, therefore numerical methods are introduced and will be discussed in chapter 3. For
transverse electrical (TE) polarisation, for single mode operation, a strip width must be
smaller than the width for which the first order mode starts to propagate. Similarly,
for the transverse magnetic (TM) polarisation, the height of the waveguide has to be
limited. There are some parameters that can be adjusted in order to optimise the waveg-
uide performances. In general, such limitation for operation at the waveguide dimension
is designed for a specific wavelength. Nevertheless, waveguide dimensions increase for

operation at longer wavelengths due to the expand size of the optical modes.

The single mode conditions for large rib waveguides are described below [63]:

<05 t= (2.3)

w
H

r
1 <03+ —m== 24

where r is the ratio between thickness of the rib (H) and slab height (h), and t is the ratio

between the width of the waveguide (w) and the height of the waveguide (H) (shown

in Figure 2.2). This allows micron-scale level waveguides to have the ability to work at

Figure 2.2: Diagram of a silicon-on-insulator rib waveguide.

even shorter wavelengths, and a wider waveguide should have lower scattering loss when
the mode propagates along the waveguide. However, a thicker waveguide heright might

be more difficult to fabricate, thus a shallow etch is introduced during fabrication, which
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on the other hand might increase the footprint of the device as the lateral leakage from

the cladding restricts the minimum bend radius of the waveguide.

2.3 Non group-lIV integrated optics

Before presenting the state-of-the-art of mid-infrared group-IV material photonic com-
ponents, it is necessary to review novel non-group-IV integrated photonic components
for the MIR briefly.

MIR systems generally adopts unconventional materials with less developed protocols,
attributing to much higher fabrication costs than their NIR equivalents. For example,
mid-infrared optical components are often made from chalcogenides or halide crystals
which are not standard optical materials such as polymers or oxide glasses, because they
both are opaque in the MIR.

From literature, infrared-transparent chalcogenides and halides can be monolithically de-
posited on Si or dielectric substrates through thermal evaporation or sputtering methods,
and waveguides can be defined by using two compositions with different refractive indices
for the core and cladding. Several non-group-IV platforms have been demonstrated in
the MIR. Recently, ZnSe rib waveguides with low loss of 0.6 dB/cm between 2.5-3.7 pm
have been reported [64]. A Gallium Antimony (GaSb) waveguide is demonstrated with
losses of 0.7 dB.cm and 1.1 dB/cm at 2 pm and 4 pm wavelengths, respectively [65].
Moreover, chalcogenide materials provide a potential solution at longer wavelengths and
a waveguide made from two different refractive index chalcogenides showed 2.5 dB/cm

propagation loss at a wavelength of 7.7 pm [66].

However, chalcogenide materials are fragile and none of these chalcogenides and halides
platforms can provide refractive index contrast as high as Si or Ge platforms. Moreover,
chalcogenides and halides are not compatible to CMOS foundry processes whilst Si and
Ge have the possibility for CMOS integration which make group-IV materials more
favourable. III-V materials are more expensive than group-1V materials and have large

footprint.

2.4 Silicon photonics waveguides in the mid-infrared

Silicon-on-insulator (SOI) is the most commonly used waveguide platform in the NIR
silicon photonics. The SOI platform is made from a silicon layer at the top, followed by
a thick silicon dioxide layer which is also called the ”buried oxide” (BOX), then followed
by a silicon substrate at the bottom. The waveguide is formed by etching down the
top silicon layer. The performance of a waveguide is highly affected by the difference

of refractive indices between the waveguide core and claddings. For SOI, the waveguide
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core is Si, which has a refractive index n = 3.48 at A = 1.55 um, and top cladding air
n = 1, and the bottom cladding is silicon dioxide n = 1.45 at A = 1.55 pm. These
differences directly determine the optical confinement of the mode inside the waveguide
core and thereby determine the dimensions of the waveguide and the minimum bend

radius that the waveguide can support.

There are many sources that contribute to the waveguide loss, the main factors being the
material absorption loss from the waveguide, scattering loss from the surface roughness
and radiation loss from the confined mode in the waveguide, Material absorption loss is
intrinsic and unavoidable for a chosen waveguide platform, while scattering loss mainly
comes from the sidewall roughness, which can be reduced by modifying the fabrication
process and recipes. The smallest propagation loss of SOI rib waveguides that has been
achieved was 0.272 4+ 0.0012 dB/cm at 1.55 ym wavelength [67].

When it comes to the mid-infrared wavelength region, SiO2 has absorption loss more
than 10 dB/cm in the wavelength ranging from 2.6 - 2.9 pum, and above 4 pm, and
Si has the same behaviour when the wavelength is over 8 ym. So the design of the
silicon photonics platform in the mid-infrared range should consider different material
combinations. Here, a brief illustration of different platforms that can be used in the
mid-infrared wavelength range is given and Figure 2.3 shows the predicted transparency

windows in the mid-infrared for each platform.

Waveguide type Wavelength ranges of operation

Si/S10,/Si (SOI) 1.2-2.6 zm and 2.9-3.7 pzm and 100-200 p2m
Si/Al,05/Si (SOS) 1.2-4.4 pzm (and 75-200 pm at T = 77 K)
Si/S1;N,/Si (SON) 1.2-6.7 pm

Si membrane 1.2-8.0 zm, and 24-200 pzm

Si nano-slotted membrane 1.2-9.2 pzm, and 23-200 pm

SiGe/Si 1.6-12 pom and 100-200 pm

Ge/Si 1.9-16.8 pem and 140-200 pm

GeSn/Si 2.2-19 pm

Hollow core (Bragg, SiO,/Si cladding)  1.2-3.9 um

Hollow core (Bragg, SiGe/Si cladding)  1.2-200 pm
Hollow core (Anti-Res., SiGe/Si clad.)  1.2-200 pm

Porous-Si/Si 1.2-9.0 pzm, and 23-200 pzm
Si/silicide/Si 1.2-8.0 zzm and 24-200 pm
Si/Epi insulator/Si 1.24.4 pm

Si PhC-line membrane 1.2-8.0 zzm and 24-200 pm
Si PhC self-coll. membrane 1.2-8.0 pzm and 24-200 pzm
SiSi nano-crystal/Si membrane 1.2-8.0 zzm and 24-200 pzm
Si ARROW (SiGe/Si cladding) 1.2-8.0 zzm and 24-200 pm

Figure 2.3: Estimated wavelength range for different platforms that have less
than 2 dB/cm propagation loss at 300 K, reproduced from [68].
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2.4.1 Silicon on insulator

The SOI platform was first demonstrated in the MIR at 3.39 pm, when large rib waveg-
uides (height x width: 2 ym x 2 pum) with 2 pm thick BOX layer were demonstrated
with low propagation losses of 0.6 - 0.7 dB/cm after using thermal oxidation to smooth

the roughness of the sidewalls [69].

A 4.6 dB/cm propagation loss at 3.74 um wavelength from a strip waveguide with
dimensions of 1400 nm width and 500 nm height has been presented [70]. It is the first
demonstration that showed SOI waveguides can be used at wavelengths greater then 3.7
pm and even probably beyond, where SiO5 has high absorption. A low loss waveguide
made from 500 nm SOI was published with only 1.3 dB/cm loss at 3.8 pm wavelength
[68], which proved that SOI can be used up to 3.8 - 3.9 pm.

2.4.2 Germanium on silicon

A germanium on silicon (Ge-on-Si) waveguide was first published in 2012 [71]. For
the purpose of growing Ge on silicon, 10 pwm thickness of intrinsic Si is deposited on
the silicon wafer as a buffer layer, followed by a 2 pum thickness Ge layer deposited by
reduced pressure chemical vapour deposition (RP-CVD) [72]. A 3.6 dB/cm propagation
loss at the 5.8 pwm wavelength has been achieved. After that, the modified design of 2.0-
2.6 pm thick [73] and 2 pm thick [74] with reported minimum losses of 2.3-5.4 dB/cm
to 2.3-3.5 dB/cm for TE polarisation and 3-4 dB/cm losses for TM polarisation were

reported in the literature.

A rib waveguide has been demonstrated with 2.9 um height and 2.7 ym width with 1.7
pm etch depth made from a 3 pm thick Ge-on-Si platform with 0.6 dB/cm loss at 3.8
pm wavelength for TE polarisation, Figure 2.4 shows the SEM image of the cross-section
of the waveguide [75]. A recent demonstration of a Ge-on-Si waveguide of 2.5 dB/cm
propagation loss has been reported at 7.575 pum wavelength but with larger losses at 8.8
pm (~ 15 dB/cm) [76].

Due to the transparency range of Ge, Ge-on-Si waveguides are expected to have the
widest operation range of the platforms considered here. In terms of the longer wave-
lengths (A = 8 - 16 um), silicon is not considered as an ideal substrate material due to
the high absorption of silicon in this range, which may restrict the transparency window
of Ge-on-Si platform, moreover, due to the small refractive contrast between Ge (n =
4) and Si, the integration density when embedded in photonic circuits may be limited.
Another problem is threading dislocations that appear at the Ge-Si interface as a result

of different lattice constants between Ge and Si.
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Figure 2.4: SEM image cross-section of a Ge-on-Si waveguide, from [75].

2.4.3 Silicon on silicon nitride

Silicon on silicon nitride (SON) is a promising substrate as it is transparent across visible,
NIR and MIR up to 7 pym wavelength. Research on SON waveguides has demonstrated
propagation losses of 5.2 dB/cm for TE and 5.1 dB/cm for TM waveguides with 2 pm
height, 2 ym width and 0.8 um etch depth dimension [77]. The substrate was fabricated
by bonding an oxidised Si die with a SOI die coated with Plasma-Enhanced Chemical
Vapor Deposition (PECVD) low-stress silicon nitride, then the back Si was removed by
lapping and wet-etching in TMAH and the SiO layer was etched by HF (Figure 2.5).
The loss of such waveguides is highly dependent on the ration of the thickness of the Si
layer and the operating wavelength, and scattering from sidewall roughness. Since it was
a bonding process which was carried out under atmospheric pressure, bubble formation
has been found in the fabricated SON sample, which could contribute to further losses.
Silicon on nitride is one potential material as it is transparent in the visible and up to
7 pm wavelength, however, the smaller refractive index compared to Si or Ge , which is
around 2, leads to smaller refractive index contrast with the substrate material, having

potential leakage problems if the SiN layer is not sufficiently thick.

SON has also been demonstrated with 2.1 dB/cm propagation loss at 3.7 um wavelength
[78], by using Low-Pressure Chemical Vapor Deposition (LPCVD) to produce the SON
films. Depending on the Si and N ratio during deposition, the SON refractive index
can change from 1.57 to 2.7. Due to this property, the SON platform can be used in
different applications: lower refractive index substrates can be used as a cladding and
higher refractive index material can be used as the core of the waveguide. SON waveg-
uides integrated with III-V lasers have been demonstrated and showed the potential of
operating up to 8.5 um [79]. Another advantage of the SON platform is that it can be
deposited by a wide range of tools such as PECVD, hot-wire Chemical Vapor Deposition
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Figure 2.5: Fabrication processes diagram of SON, from [77].

(HWCVD), or using LPCVD [78]. However, the deposition condition needs to be con-
trolled carefully, because it severely influences the optical performance of the material,
making it necessary to build special deposition recipes that can be complex and time

consuming.

2.4.4 Silicon on sapphire

Silicon on sapphire (SOS) offers high confinement from the telecom-wavelengths up to
5.5 pm [80]. One epitaxially grown 1.9 pum wide, 0.6 pm height strip SOS waveguide
has been demonstrated by using e-beam lithography and RIE etching [81]. It has been
reported that the propagation loss was reduced from 9.6 dB/cm down to 4.7 dB/cm at
4.5 pm wavelength after removing the resist residues. There is another demonstration
of SOS waveguide with 1.8 ym width and 0.6 pm thickness having been reported with
a loss 4.0+0.7 dB/cm at 5.5 ym wavelength [82] (Figure 2.6).
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Figure 2.6: SOS contour diagram of the optical mode within the waveguide,
from [82].

Both waveguides had similar waveguide dimensions and operating wavelengths, however,
the propagation losses were not that low compared with other platforms which might
be due to localised defects in the silicon. Another SOS waveguide has been published
with 2 dB/cm loss at 5.18 um wavelength [83].
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It is necessary to point out that the hardness of sapphire causes difficulties during facet
preparation for butt coupling, even with the help from dicing to prepare the facets for
coupling instead of conventional polishing. Sapphire is transparent up to 5 yum. However,
it does have got any other advantages compared to other potential candidates such as
SON, Silicon on Silicon Nitride, Si-on-porous Si or suspended Si which are much easier
to fabricate, have lower cost, and exhibit lower propagation losses. Even though SOS

wafers are used in electronics, it is more difficult to find good SOS wafers unlike SOI.

2.4.5 Silicon on porous silicon

Silicon on porous silicon has been demonstrated with 4 ym wide and 2 pm thick strip
waveguides with 3.9 dB/cm propagation loss at 3.39 um wavelength, which is shown in
Figure 2.7 [69].

Figure 2.7: SEM image of cross-section of a Si on porous silicon waveguide,
from [69].

The waveguide core is made of porous silicon which is fabricated by large area irradiation
and oxidised after etching for the purpose of reducing surface roughness and therefore the
scattering loss. It has been discussed that the loss might come from surface roughness
and low resistivity Si has been used during processing. The refractive index of the porous
silicon is determined by the porosity of Si and thus the refractive index can be adjusted
for different applications. Since this material is made of Si it should be transparent up

to 8 um wavelength, however pores may oxidise and cause larger losses than predicted.

2.4.6 Suspended Si (Silicon membrane)

Suspended Si refers to SOI waveguides where the SiOg lower cladding has been removed.
These waveguides have the ability to be transparent up to 8 um. A low loss suspended

Si waveguide with 0.8 dB/cm at 3.8 pm wavelength has been demonstrated with the
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lateral cladding comprising a sub-wavelength grating metamaterial to support the silicon

waveguide and to access the bottom oxide at the same time [84] as is shown in Figure 2.8.

Figure 2.8: SEM image of cross-section of a bend that has been suspended after
the isotropic etching, the inside and outside of the bend were fully etched, from
[84].

There is another demonstration of suspended silicon waveguides with low loss of 3.1
dB/cm that operate at 7.67 pm wavelength, and other passive devices such as 90° bends
and s-bends show losses of 0.06 4+ 0.02 dB/bend and 0.08 £+ 0.02 dB/bend respectively
[85].

The main advantages of this approach are a simplified fabrication that includes only 1
etch step and better mechanical robustness since there is no reduction of the original
SOI thickness, as the full top Si layer is used for both the core and the cladding and

slab regions.

2.4.7 SiGe/Si graded index waveguide

There are demonstrations of the SiGe/Si graded index waveguides with very low prop-
agation losses of 1 dB/cm at 4.5 ym and 2 dB/cm at 7.4 um. Passive components such
as Y-junctions, couplers and crossing were also demonstrated in same platform [86]. A
linear graded stack is designed with 40% Ge concentration and a 10 um thick Si layer

as cladding, Figure 2.9 shows the waveguide cross-section.

The dimensions of the waveguide are: 3.3 pm width and 7 pm width for operation
at 4.5 pm and 7.4 pm wavelengths respectively. An uncladded SiGe waveguide on
graded index SiGe substrate is reported with a flat 2-3 dB/cm propagation loss from
5.5 pum to 8.5 um wavelength range, with 6 um waveguide thickness [87]. Compared
with Ge-on-Si platform, the graded waveguide dimensions are larger and thus lead to

less optical confinement which results in potential higher bend loss and vertical leakage.
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Figure 2.9: SEM image of cross-section of a SiGe waveguide after etching the
core. Inset: cross-section of fabricated waveguide with Si cladding, vertical
direction represents the intensity grading which is related to the variation of Ge
concentration, from [86].

Also depending on the SiGe concentration, the transparency can be more restricted
than when using Ge-on-Si platform. These waveguides can also have limited sensing

application due to lower evanescent field.

There are also other demonstrations of GeSn integrated with Ge devices that can be
potential candidates for integrated lasers or photodetectors around 2.5 pm. More infor-

mation can be found in [73].

In this project, SOI has been chosen as the platform for the investigation of waveguide
integrated photodetectors at 3.8 um wavelength, considering the low loss nature of SOI
in the targeting wavelength and the conveniency of SOI availability. It is necessary
to introduce a high absorbance, integrable material as the “active region” for realising
photodetection. 2D materials have attracted attention due to many advantages. The
next section is going to demonstrate different types of 2D materials which are promising

for photodetection, and why graphene has been chosen to be used in this project.

2.5 2-D materials and graphene for photodetection appli-

cations

This section will discuss different types of 2D materials, and the reason why graphene
is chosen in this project. It will also give a literature review of graphene integrated with

optical devices, and finally a review of graphene photodetectors will be presented.
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2.5.1 2-D materials

Compared with traditional 3D photonic materials such as gallium arsenide (GaAs) and
silicon, 2-D materials have advantages in many aspects: first, quantum confinement in
the direction perpendicular to the 2-D plane leads to many distinctively different optical
and photonic properties compared to their bulk parental materials [88-90]. Second, 2-D
materials can easily be integrated with other photonic devices such optical cavities and
waveguides, due to 2-D materials being released from the issue of “lattice mismatch”
where layers of 2-D materials can form the heterostructures by van der Waals forces
[91]. Third, 2-D materials have stronger optical absorption, for example a monolayer of
MoSy absorbs 10% of normal incident light vertically from 610 nm to 660 nm [92], and
finally a wide range of the electromagnetic spectrum can be covered by 2-D materials
due to diverse electronic properties. Figure 2.10 shows the optical absorption spectra of

some popular 2-D materials.

NIR: communications, MIR: thermal infrared, FIR: astronomy, Aircraft communication
night vision goggles military medicine AM radio
/ T
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Figure 2.10: Electromagnetic spectrum, correspondent to the possible applica-
tion to different spectral range, different 2D materials’ spectral range and their
atomic structures, from [53].

Graphene interacts with light from microwave to UV wavelengths [46], therefore having
a great potential for various applications: light detection, modulation and manipulation
across a wide spectral range. However, its gapless and semimetallic structure prevents
graphene from being used for light emission. By contrast, single layer transition metal
dichalcogenides (TMDs) such as molybdenum disulfide (MoS2) and tungsten diselenide
(WSez) are direct-bandgap structure semiconductors [89, 90], which indicates that they

are promising for light emission applications in the near-infrared range. Hexagonal boron
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nitride (h-BN) is another type of 2-D material with around 6 eV bandgap which is larger
than other 2-D materials. This makes it an ideal dielectric and it is used for electrostatic
gating in 2-D material formed heterostructures since the “lattice match” is not critical
in stacking of 2-D materials. Besides the mentioned 2-D materials, black phosphorus
(BP) is another candidate with a direct bandgap of 0.3 eV in its bulk formation [93]. It
should be noted that when decreasing the number of layers the bandgap will increase,
because the enhancement of electronic confinement in the direction perpendicular to the
2-D plane, and the bandgap of monolayer BP is approximately 2 eV [94]. Benefiting
from the wide selection of and combination of 2D materials, there is great promise
for creating diverse photonic and optoelectronic devices and extending the frontiers of

existing optical sciences.

In terms of this project, for the purpose of developing a waveguide integrated mid-
infrared photodetector, graphene has a dominant advantage compared to other 2-D ma-
terials not only for the wide working wavelength but also the outstanding electronic and

optical properties. The following subsection will discuss these properties of graphene.

2.5.2 Electronic and optical properties of graphene

In order to maximise the amount of photons that need to be converted into electron-
hole pairs, a high material absorbance is necessary. The integration of 2-D materials into
photonic devices has drawn much attention and it is very promising as 2-D materials
intend to absorb a large amount of incident photons per layer. This subsection is mainly
focused on the electronic and optical properties of graphene as the active region in a

photodetector.

Single layer graphene was first demonstrated by Novoselov, Geim and their colleagues
by graphite exfoliation in 2004 [41]. Graphene has excellent electrical properties, such as
high carrier mobilities, high thermal conductivity, and linear dispersion [95], but it also
attracts attention due to its optical properties. For instance, graphene can be utilised as
a wideband absorber due to the gapless band structure. Terahertz detectors were also
accomplished due to the high and tunable absorption [96]. As monolayer and few-layer
graphene can be grown on copper foil commercially, a range of potential applications

can be realised, among which one of the most attractive is graphene photodetectors.

The optical absorption mechanisms in graphene are divided into two processes: inter-
band transition and intraband transition, which can be seen in Figure 2.11. Interband
transition occurs when one electron in the “valence” band of graphene absorbs a photon
and is excited to an empty state in the “conduction” band with the same momentum
[97]. Interband transition can only happen when the filled state has the energy of € = -
hw/2, and the empty state ¢ = 4+ hw/2, where ¢ is called Dirac energy. The interband
transition is only permitted under the condition that the state of filled energy hw/2 is
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larger than the absolute value of the chemical potential |u.|. Otherwise this mechanism
is blocked when |u.| is greater than fw/2 due to the Pauli blocking. On the other hand,
intraband transitions occur under the phonon assisted process, which happens in the

far-infrared (FIR) to terahertz wavelength regions [97].

Interband Intraband

(a) (b)

Figure 2.11: Two absorption mechanisms in graphene, (a) Interband transition,
electron in the valence band of graphene absorbs a photon and get excited to
the conduction band when the absolute value chemical potential |u.| is less than
filled state energy fuw/2 (left), otherwise the interband transition is prohibited
which is shown in left ; (b) intraband transition happens in the band and under
the assistance from phonon, from [98].

With the control of absorption mechanism, waveguide-coupled graphene optoelectronic
devices have potential to operate in the mid-IR wavelength region, and under such
circumstances the absorption mechanism is dominated by the interband transitions
[99-101]. Figure 2.12 sketches two different coupling methods [102]. The single layer
graphene has a 3.3 A thickness and the universal absorption of 2.3% for each monolayer
under normal incidence [97]. By using the coplanar integration methods, the optical
mode propagates in the silicon photonics waveguide and interacts with graphene at the
same time, and thus can achieve a greater interaction length compared to the normal in-

cidence situation, in which the interaction length is limited by the thickness of graphene.

In order to calculate the real part of the conductivity of graphene, from Ohm’s law, the

density of surface current can be expressed[97]:

Js (r,t) = ooE¢ (v, 1) (2.5)

where J; (r,t), is the surface current density, E; is the electric-field component that
is in the plane of graphene, oy is the constant conductivity from interband transition
oo = e?/4h = 6.08 x 107°Q~1, ¢ is the component in the graphene plane. Thus, the
time-averaged ohmic power dissipation per unit area Q4 (W/m?) in the graphene layer

is given by:
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Incident light

Figure 2.12: Schematics of two coupling methods. (a) In a normal incidence
scenario, graphene exhibits the “universal” absorption coefficient of 2.3 %. (b)
By integrating graphene on a silicon waveguide, the graphene/light interaction
length is only governed by the length of the device, thus high absorption can be
achieved, reproduced from [102].

In Equation 2.6, the factor one-half from the peak value is used in the electric field E;,

which has two transverse components.

E; = Enty + Epnty (2.7)

1 .1
(Q)S = 50’0Et : Et = 50‘0 (|Et1|2 + |Et2|2) (28)

where t; and €, are two orthogonal unit vectors in the plane of graphene, while F}; and

Es are complex field amplitude.

The solution above can be used to solve absorption from interband transition under
normal incidence. Ratio between the absorbed power by graphene compared to the

total incident power can be expressed as:

1 *
Q sooE; - E
(@), =1 200 t* =20 _ 0 =23% (2.9)
Iinc 5600Emc . Einc gpcC

where e?/4meghc = 1/137, & is the fine structure constant, ¢ is the speed of light. In
Equation 2.9, the relation E; = E;,. has to be fulfilled due to the boundary limitations,
where E; is complex field amplitude and E;,,. is the absorbed optical power under normal
incident [100].

The propagation loss of waveguide is negligible when compared to the optical absorption
from graphene. Thus, in the z-direction, the power P(z) of the waveguide mode decreases

exponentially:
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P(z) = Pyexrp(—az) (2.10)

where Py is the waveguide mode power at z=0, « is the linear absorption coefficient
(m~1), and « is defined as the power absorbed by graphene per unit length normalised

to total waveguide mode power:

=P d = PO /W (Q(x)), dI. (2.11)

Here, from Figure 2.12 the SLG is parallel to the x-z plane, and has width W in the

x-direction. The integral for the TE mode from Equation 2.8 can be expressed as:

00 2
— 90 B ame(v0) 2 d 2.12

where yp is the position of the graphene plane [97, 103].

Compared to graphene, TMDs such as molybdenum disulfide MoSs, tungsten disulfide
WSs, and molybdenum diselenide MoSes, exhibit much higher absorption in the visible
to the near infrared range that extends beyond their energy band gaps, which makes
these materials ideal candidates for ultra-thin photo-active materials [104]. The high
optical absorption in TMDs is due to dipole transitions between the localised d states
and the excitonic coupling of such transitions, which is well explained in [104, 90]. Due
to its high bandgap and absorption in the deep UV region, hexagonal boron nitride
(h-BN) has been considered as a promising UV photodetector [105]. Among all these
2-D materials, only graphene can interact with whole spectrum of MIR, makes it the

only candidate to be used in this project.

2.5.3 Technology of graphene production

The key to future commercial uptake of 2-D technology is the availability of large scale
material growth or synthesis methods. Chemical vapour deposition (CVD) is a well
established technique in the semiconductor industry for growing a variety of conventional
materials. Today, CVD can in principle fulfil the requirement of the large-scale growth
of graphene and many 2-D materials of the TMDs family. However, the reproducible
synthesis of TMDs on a large scale is still challenging, and the process technology is far
from optimised. For example, it is not possible today to control exactly the number of
atomic layers across a wafer or to grow monocrystalline films without grain boundaries
[49, 106].

In terms of graphene production, various methods have been investigated, and they are

divided into two categories: (1) top-down methods and (2) bottom-up methods. In the
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top-down methods graphene can be synthesised by isolation or exfoliation from the bulk
formation under the application of external energy, such as micromechanical exfoliation,
liquid-phase exfoliation or electrochemical exfoliation. On the contrary, the bottom-up
methods represent approaches where atoms are deposited through chemical or thermal
reactions onto the target substrate resulting in graphene synthesis. Such as chemical

vapour deposition epitaxial growth on SiC, and other methods.

Right now, graphene production aims to achieve high yield, large areas, and controllable
growth on various platforms. Some principle graphene synthesis methods are briefly

described below.

1. Micromechanical exfoliation

Micromechanical exfoliation involves using adhesive tape to peel off graphite pieces
to obtain graphene as first demonstrated in 2004 [41]. It is the most basic way
to fabricate single layer graphene, and the maximum graphene size that has been
achieved was around millimetres size, after modification of the process [33]. Due to
its versatility and low cost, great contribution has been achieved into fundamental
research for example in the investigation of intrinsic properties of graphene. How-
ever, this method is unsuitable for large-scale application because of low through-

put, and it is hard to control the shape, size and location of graphene.

2. Reduced graphene oxide

Due to the limitations of using micromechanical exfoliation synthesis graphene,
efforts have been paid to develop other approaches that can produce high quality
graphene in high quantity, and without sacrificing high mobility. These approaches
should provide a controllable graphene sheet thickness with uniform performance,
as well as compatible integration with various substrates. Graphene oxide is de-
veloped from chemical oxidation of graphite, which has been widely used [107].
Single layer graphene oxide can be obtained as graphite oxide can be easily ex-
foliated through ultrasonication or mechanical stirring in a aqueous environment
for long time [108]. Graphene can be produced from thermal or chemical reduc-
tion of graphene oxide to restore its structure. This method takes a long time but
the chemical exfoliation approach restricts residue defects caused by incomplete re-
duction process. Compared with micromechanical exfoliation method, the reduced
graphene oxide method produces lower quality graphene because conductivity and

carrier mobility are degraded.

3. Chemical vapour deposition

Using chemical vapour deposition (CVD) to make few layers graphene (FLG) has
been reported almost 50 years ago [109]. There are many carbon sources that
can be used during the CVD growth process, such as CH, gas, methanol or poly-
methyl methacrylate (PMMA), catalysed by metals to deposit carbon atoms on
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metal surfaces and large areas of graphene can be formed. The reaction occurs
under high temperatures (usually 800-1000 °C) and vacuum environments [110-
112]. In terms of metal substrates to be used during the CVD process, Cu is the
most favourable because Cu surfaces lead to larger areas of monolayer graphene
with larger grain sizes after annealing [113-116]. Recently, growth of 60 cm large
areas has been achieved [117]. A simpler way of growth without a catalyst has
been demonstrated by plasma-enhanced CVD [118]. Metal substrates can be eas-
ily removed after graphene is synthesised, making CVD grown graphene easily
transferable to arbitrary substrates. Moreover, CVD grown graphene could be
processed by microfabrication techniques, making it compatible for applications in

high density optoelectronic devices and circuits.

Epitaxial growth on SiC

Graphene can be grown by carbon segregation from silicon carbide (SiC) [119]
or metal substrates [120], and high temperature annealing is required after the
growth. It has been reported that with one method graphite can be produced from
SiC, and methods of segregating graphene from graphite through Ni (111) have
been under investigation for the last 30 years [113]. High quality graphene layers
can be obtained from such a method in an argon environment and the following
segregation from the SiC substrate can be achieved from an electronic decoupling
process in hydrogen, which is suitable for wafer scale applications [121]. On the
other hand, this method also has limitations, where SiC is more difficult to remove

compared to metals used in CVD grown graphene mentioned above [122, 123].

Table 2.1 summarises different graphene synthesis approaches. In this project, CVD

grown graphene is chosen due to fast synthesis speed and large scale can be achieved at

the same time.

Table 2.1: Different graphene synthesis methods, reproduced from [124]

Catgory Method Thickness Lateral Advantages Disadvantages References
Micromechanical Directly from graphite Very small scale
o Few layers pm to cm [41]
exfoliation Low cost .
Top-down producation
methods Liquid phase Single pm to Low cost Low yield 125, 126]
exfoliation and few layers sub pm Unmodified graphene sepatation !
e . L Single step action L
Elect%ofhe.nucal Single 500-700 nm | high electrical conductivity ngb C?bt.Of [127]
exfoliation and few layers . . ionic liquid
of functionalised graphene
Acid dissolution . Scalable _ .
of graphite Monolayer 300-900 nm Unmodified graphene Hazard acid [128]
Self-assenbly Monolayer 100’s nm Thickness controllable Exist defects [129]
Bottom-up methods CVD Single and Few layers Very large Fast Ijow'yleld . [109, 130, 131, 118]
contains impurities
Eplta;.:iaéi%owth Few layers Up to cm size Large area of pureness Very small scale [120, 113, 132-134]
e
Unzipping of Multi layers few pum long | Controllable size High material cost | [135, 136]
carbon tubes
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2.5.4 Photodetection mechanisms in graphene

The working mechanism of a photodetector is the conversion of absorbed optical power
into electrical signal in the presence of a photocurrent or photovoltage. This subsection
gives a review of the mechanisms related to graphene photodetectors. Photodetection
mechanisms in graphene can be categorised into five main types: photovoltaic effect,
photo-thermoelectric effect, bolometric effect, plasma-wave-assisted effect, and photo-
gating effect [137]. This section gives a brief illustration of how each photodetection

mechanism works.

2.5.4.1 Photovoltaic effect

The photocurrent generated from the photovoltaic effect is based on the separation of
photogenerated electron-hole pairs by built in electric fields at junctions between positive
(p-type) and negative (n-type) graphene doping regions. Photocurrent generated by
photovoltaic effect is controlled by junctions. There are many ways to achieve the built-
in field, such as chemical doping (adding chemical reactants) [138], using a split gate
electrostatically [139], or by using materials with different work functions for the two
contact electrodes [140-142]. In terms of split gate situations, the doping profile can be
tuned to be p - or n - type depending on the gate voltages applied at the junction. The
direction of the photocurrent only depends on the direction of the electric field, it has no
dependance on the doping level [143, 144]. On the other hand, this process is different
to conventional semiconductor ionisation process, where the carriers are accreted by a
strong electric field, and known as avalanche break down. In graphene photodetectors,
the density of photo-generated carriers decreases with increasing doping level. Moreover,
photovoltaic current decreases with distance from the charge neutral point. Benefiting
from the high carrier mobility, photovoltaic effect is very useful in high-speed applications
[145].

2.5.4.2 Photo-thermoelectric effect

A temperature gradient is produced during the photo-thermoelectric effect. The elec-
trodes act as heat sinks in the uniform doping channel, and the temperature gradient
happens at the graphene-metal junction. Transportation of hot carriers plays an impor-
tant part in graphene to be used in photodetection [146-149]. Electron-electron interac-
tions result in photo-excited electron-hole pairs heating carriers in graphene very quickly
(~ 10 - 50 fs) compared to several picoseconds needed to heat the lattice [150, 151]. The
phonon energy in graphene is high (~ 200 meV), thus the carriers can hold a higher
temperature than the lattice temperature (over several picoseconds time scale) before

relaxation of lattice temperature begins [152]. Therefore, hot carriers created by the
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radiation field have an electronic temperature (Tg) greater than the lattice tempera-
ture (Tr). The equilibration of hot carriers in graphene takes nanoseconds time scale
due to slow scattering rate between electrons and phonons. Therefore, a considerable
photo-response can be created due to temperature differences between carriers by the
Seebeck effect [148]. The seebeck effect represents the conversion of heat directly into
electricity at the junction of electrodes with different work functions. Photoresponse

from hot carriers contributes a large bandwidth and high operating speed.

2.5.4.3 Bolometric effect

The bolometric effect happens when the transport conductance is changed by heat-
ing caused by incident photons and further changes the conductivity of the channel.
Bolometric effect is a photoconductive process, which does not generate photocurrent
under zero-bias but only changes the conductivity of graphene under external bias. The
changes of conductivity contains two parts: change of temperature dependent carrier
density and change of carrier mobility. A bolometer measures the power of electromag-
netic radiation by absorbing the incident radiation dP, and reading out the resulting
temperature difference d7'. Bolometers are commonly made from semiconductors or
absorptive materials such as a-Si or VO2 and are widely used at longer wavelength ap-
plications, even up to sub-millimetre wavelength range [153]. The sensitivity is defined
by the thermal coefficient of resistance, R, = d7/dP, and the response time of the
bolometer, 7 = R,C}, is dependent on the heat capacity Cj, [154]. The advantages of
graphene is that for a given area it has a small volume and low density of states, which
results in low C}, giving a fast response time. Cooling by acoustic phonons is slow due
to the point of Fermi surface of graphene, and it needs high T, by phonons, making Ry
high. Both reasons contribute to high sensitivity of the bolometric effect.

Compared to the photo-thermoelectric effect, that happens mainly at the metal-graphene
junctions and in which the response is proportional to the incident light power, bolo-
metric phenomenon is very strong under high-bias situation and mainly occurs at the

centre of the junction.

2.5.4.4 Plasma-wave-assisted effect

Plasma-wave-assist effect (PET) in the nanoscale has the ability to detect THz radiation
by the plasma-wave assisted mechanism, where a FET hosting a 2D electron gas can be
act as a cavity for plasma waves. For example, a DC output signal can be generated in
response to the plasma waves, when plasma waves are launched at the source. This is
due to coupling of electromagnetic fields drives an electric field between the source and
drain, the detection of radiation exploits constructive interference of the plasma waves

in the cavity and thus results in a resonantly enhanced photoresponse [155]. Graphene’s
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high carrier mobility makes it a promising material to be used for a room temperature
THz detector [96]. However, no demonstrations of plasma assistant graphene detector

integrated with silicon photonics has been demonstrated.

2.5.4.5 Photogating effect

Besides all the photodetection mechanisms that have been discussed above, photore-
sponse can also be generated by charge trapping at trap centers or by charge transfer
between graphene and other materials. In terms of the photogating effect, one type of
photo-generated carrier is trapped by the external trapping centers or transferred from
external sources [156-160]. This charge transfer process leads to a change of carrier
density within a graphene channel. As a consequence the conductivity of the graphene
channel can be modified by the incident light. Before the generated photo-carriers re-
combine, they can transport multiple times along the graphene channel, contributing a
large optical gain, thus the responsivity from the photogating effect can be very high,
up to millions of A/W under the help from quantum dots [156]. As a comparison, re-
sponsivity in photo-thermoelectric and bolometric effects is limited to a few mA/W. It
can be noted that longer photo-carrier life times represent higher photo-gain and larger
responsivity, at the cost of lower operating speed. These devices saturate for high opti-
cal power, and the saturation threshold power is controlled by the density of trapping

centres.

2.6 State-of-the-art graphene integrated photodetectors

As we demonstrated before, only 2.3% of incident light can be absorbed by monolayer
graphene, even though the light-matter interaction is very strong with one-atom thick-
ness [103]. This limits the overall responsivity of conventional graphene detectors, which
are normally a few mA /W. Specifically, improving the optical absorption and responsiv-
ity have been investigated and also is one main challenges in this field. There are many
approaches, such as a plasmonic antenna, that can be used to enhance light absorption,
however they are often limited by narrow resonance peaks [161, 162]. Graphene and
quantum dots or other light absorbers is another approach. High photoresponse can

also be achieved through a photogating effect while sacrificing the operating speed.

2.6.1 Performance metrics of photodetectors

Several figures of merit are described in this subsection which are normally used to
evaluate the performance of a photodetector, including responsivity, quantum efficiency,

detectivity, and operating speed [144].
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2.6.1.1 Responsivity

Responsivity (R) is one of the most important characteristics for a photodetector. It is
defined as the photocurrent I, divided by the incident power P;,, where R = I,/ Piy,, or
if the photovoltage V},, is measured, responsivity is defined as R = V},,/ P;,. Responsivity
commonly features the sensitivity of a photodetector converting optical input signal into

electrical output signal.

2.6.1.2 Quantum efficiency

Quantum efficiency can equivalently describe responsivity, where the external quantum
efficiency (EQE) is defined as the number of electron-hole pairs collected to produce
photocurrent in unit time divided by the total number of incident photons at the same
time: EQE = (Ipn/q)/(Pin/Eph), where ¢ is charge of an electron, E,, is the total
incident photon energy. Internal quantum efficiency (IQE) is defined similarly as EQE,
except that the absorbed photon number is considered instead of the total incident
photon number in EQE. IQE is expressed as: 1QE = (I,1/q)/(Aavs Pin/Epn), where Agpy,

is the absorption coefficient in a given wavelength.

2.6.1.3 Detectivity

Detectivity and noise equivalent power (NEP) are normally used to determine the mini-
mum detectable signal of a photodetector. NEP is depended on the noise power density
(Sy) and responsivity of a photodetector, which is: NEP = S,,/R. Detectivity (D) is
defined as : D = 1/NEP, the inverse of the NEP.

2.6.1.4 Bandwidth

Definition of spectral bandwidth is the full width at half maximum (FWHM). Optical
bandwidth values can be defined in either wavelength or frequency. Due to the inverse
relationship between frequency (Av) and wavelength (A)), the conversion factor is de-
termined on the center wavelength (\) or frequency and can be defined as: Av = GAA.
A bandwidth can also indicate the maximum frequency with which modulated light can
be detected with a photodetector.
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2.6.2 Photodetectors based on graphene

A review of different types of the graphene integrated detectors is presented in the

following.

2.6.2.1 Metal-graphene-metal photodetectors

The first demonstration of a graphene photodetector was based on a graphene transistor,
in which the metal-graphene junction was illuminated by IR and visible light [145]. In
the AC response from the metal (Pd)-graphene junction at the 1.55 um wavelength,
up to 40 GHz photoresponse was observed. The measurement was restricted by the
upper frequency limit of the setup, however, modelling based on the RC constant of
the graphene photodetector suggested that the bandwidth could reach up to 40 GHz
[145]. For a symmetric junction configuration, no net photocurrent can be generated
due to both contacts producing the same but opposite currents under illumination. A
modified design was presented and is shown in Figure 2.13, an extraordinary increase
in photoresponse was observed, which also allowed using the whole area to form the
photodetector. This device contained electrodes with different work functions, so that
asymmetric doping can be produced. Still, this device was tested under 1.55 um pulses
and the highest achieved data rate was 10 Gbits/s [163].

Source

sio,

Si —

Gate ZQQQ ‘

Figure 2.13: Schematic of the photodetector, electrode arms with different work
functions can increase photoresponse efficiently, [163].

Benefiting from high carrier mobility and short carrier lifetime of graphene, graphene
photodetectors based on metal-graphene-metal configuration can operate at high data
rates. The drawback of this method was only 2.3% of incident light can be absorbed
by graphene, which limited the responsivity of the device. Also two types of electrodes
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materials increased the number of fabrication processes and might damage the graphene

during multi-lithography steps.

2.6.2.2 Sensitivity enhancement by cavities, waveguides and plasmonics

In order to further increase the photoresponse, monolithic integration of graphene tran-
sistor and optical cavities has been demonstrated. Graphene was transferred at the
place where the maximum field was, and a 20-fold enhancement of the photocurrent
was obtained at the resonant wavelength [164]. A study presented the enhancement
for photoresponsivity when graphene was integrated with silicon waveguides and also
proved the possibility of graphene silicon integration [165]. A wide band CMOS com-
patible graphene photodetector has been published. Graphene was placed on the silicon
waveguide and a top gate and two side electrodes were fabricated. A few gigahertz band-
width was achieved over all telecommunication bands, with maximum responsivity of
0.05 A/W, which was higher than that of normal incident light. The internal quantum
efficiency was about 10%. Compared with examples that applied back gates, adding
top gates on top of the waveguides required more critical fabrication tolerances. The

schematic is shown in Figure 2.14 [165].

Graphene

3 Y

Waveguid

Figure 2.14: Photodetector based on the graphene integrated silicon waveguide,
in which the evanescent field of the optical mode in SOI is coupled was the
graphene [165].

Graphene integrated with optical waveguides is particularly interesting since this com-
bination provides a clear enhancement of sensitivity. The optical mode propagates in
the silicon-on-insulator waveguide and couples with the single layer graphene on the top
of the waveguide as an evanescent field. A nearly flat and stable photoresponse covers

all optical telecommunication ranges. A 20 GHz bandwidth and an open eye diagram
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at 12 Gbit/s with photoreponsivity of 0.1A/W in the near-infrared with (Figure 2.15)

was presented in [166].

Au l Graphene Au
O e e B

Si

Figure 2.15: Schematic of a graphene photodetector that has the asymmetric
electrodes structure [166].

A third method to improve photoresponse of graphene photodetectors is introducing
surface plasmons. A combination of graphene and localised plasmons in metal nanos-
tructures was adopted to realise strong field enhancement in nanometre gaps [167],
where plasmonic nanostructures were fabricated near the contacts. Additionally, partic-
ular wavelengths can be selectively amplified based on dedicated nanostructure designs,
making it possible to realise photodetection for selective wavelengths. By modifying the
plasmon wavelength plus the excellent carrier mobility of graphene, this configuration
can be used as both photodetector and plasmon enhancer. An investigation based on an
array of 140 nm graphene ribbons on SiO2 was demonstrated as a tunable IR photode-
tector with an enhancement of photocurrent on the order of 15 but the photoresponsivity
was only 8 uA/W [168].

2.6.2.3 Graphene-semiconductor heterojunction photodetectors

Combined graphene planar junctions, with group IV materials and compound semicon-
ductors can be treated like Schottky diodes [169, 170]. The performance of such devices
is largely dependent on the semiconductor material. In order to maintain low dark
current operation, a reverse bias working condition is compulsory for semiconductor-
graphene photodetectors. A photodetector based on Graphene/Si heterojunctions was
reported, with photovoltage responsivity over 10 V/W in photovoltage mode and with
a responsivity of 0.435 A/W in photocurrent mode [171]. The drawback was that light
was coupled into the detector from the out-of-plane direction which limited the light

that could be absorbed by graphene.

The waveguide coupled photodetector achieved a 0.13 A/W detection at 2.75 um wave-
length under 1.5 V bias voltage, which shows that high performance MIR photodetectors
are possible (Figure 2.16) [172]. Moreover, it was fabricated on suspended silicon waveg-

uides. Also, no electrode was fabricated above the waveguide and there was no SiOs
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spacer between the graphene and the waveguide, which made the fabrication simpler

compared to the designs with a spacer. Recently, a silicon-graphene plasmonic Schottky

Figure 2.16: The schematic of the integrated suspended Si waveguide photode-
tector [172].

photodetector has been demonstrated, and at a reverse bias of 3 V, 0.37 A/W respon-
sivity at 1550 nm wavelength has been reported. Figure 2.17 shows the cross-section of
the device, which uses two metals with different working functions to form the Schottky
diodes [173]. The LOCOS waveguides had smooth edge surfaces that can maintain the
quality of the graphene without breaking, however, two different types of metals and

LOCOS waveguides made fabrication more complex.

Figure 2.17: Graphene photodetector based on Schottky diodes, in which metals
with different work functions were used for the electrodes, from [173].

2.6.2.4 Hybrid phototransistors

When combining graphene and another photosensitive material to form a graphene tran-
sistor, the residual opposite charges get amplified due to the charge transferring between
graphene and the photoactive materials. Hybrid phototransistors can be used for pho-

ton detection at low intensities, by adapting appropriate sensing centres which have
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high absorption, and a single incident photon can provide multiple generated carriers
[174, 175].

For example, a large field enhancement was observed when graphene and gold nanopar-
ticles were illuminated at the plasmonic resonance wavelengths of the nanomaterials
[161]. Arrays of semiconductor nanoparticles (PbS) have also been applied to increase
photodetection. Carrier transfer to graphene results from the photo-excitation of PbS
quantum dots. A significant enhancement of the device capacitance and huge gains up to
108 have been observed corresponding to responsivity of 107 A/W at room temperature
and low light intensities. By contrast, large RC resonance restricts the device speed and

shortens the operating wavelength spectrum of the nanoparticles [156].

2.6.2.5 Graphene based bolometers

Because graphene has no bandgap, the temperature dependence of the resistivity is low
[176]. In order to increase the sensitivity of bolometric response, several approaches
have been investigated. One approach has provided a large temperature dependence
and low noise power by utilising the combined structure of superconducting wires and
tunnel junctions between graphene and superconducting arms, which achieved 10° V/W
responsivity but with low response time (107% s). The method takes advantage of the gap
between metal wires and the contacts, which gives high temperature dependence around
the critical temperature, instead of using the dependence of graphene itself. However,
the performance was limited by the low tunnel barrier quality [177]. Graphene acts
like an absorber and heat conductor in such a configuration while the superconducting
arms act as the active components. Finally a single layer graphene detector with regular
metal, which was based on Johnson noise thermometry, was presented as a potential

approach for high sensitivity graphene bolometry with 80 MHz bandwidth [178].

2.6.2.6 Terahertz photodetectors

The terahertz (THz) range covers from 0.1 - 10 THz or 30 - 300 pm, and is also defined
as the far-infrared (FIR) wavelength range. Photodetection in FIR was achieved by
SLG plasma wave assisted FETSs, involving a top gated FET with antenna structure. A
maximum responsivity of 1.3 mA /W has been published, making such a configuration a
candidate in fast imaging applications [179]. Graphene based broadband THz detectors
were presented with 5 nA /W responsivity and 50 ps response rise times at 2.5 THz under

room temperature operation [180]. So this type of photodetectors had low responsivities.

Table 2.2 summarises different types of graphene integrated photodetectors with related

performance parameters.
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Table 2.2: Summary of the state-of-the-art integrated graphene detectors.
Graphene Devices Layer Number Technology EQE/IQE/PCE(%) Response (mA/W) Ref.
270 at 992 nm

Graphene/Si SLG 0.17 at 2000nm [181]
Schottky junction 3LG p-doped VD IQE >65 435 (850-900 nm) 171
SLG - 320(850-900 nm) 171
Graphene on SiO2 SIG on Si 0.13 A/W at 2.75 pm 172

Graphene/GaN . o
Schottky diode SLG 0.23 A/W at 360 nm [182]
Graphene on SiOy/Si Bilayer - 1.3 at 0.292 THz [179]

— =4
Metal-graphene-metal Bilayer Exfoliated flake E;gg B (1)00 6.1 at 1550 nm VIS - NIR | [163]
. 1.5 at 532nm .
Graphene SLG (electr. Doping) (P = 30 uW) [139]
p-n junction Bilayer 5 at 850 nm (T =40 K) | [147]
Trilayer Exfoliated, edge 10 at 514.5 nm [183]
: contacted

Flexible organic PDs | Graphene/PEDOT:PSS ink | Spray coating 0.16 A/W at 500 nm [179]

2.6.3 Photodetectors based on other 2D materials

2D transition metal dichalcogenides (TMDs), such as MoSs, compared to graphene,
exhibit even higher optical absorption but narrower spectral bandwidth because of their

limited electronic bandgaps. A short review of the TMD based photodetectors follows.

A TMD photodetector that used the built-in field at the MoSse-metal interfaces Schottky
configurations to drive the photocurrent with an impressive 880 mA /W responsivity at
561nm from an exfoliated MoS; flake has been presented [184]. The result was charac-
terised under ultra-low illumination intensities of 24 pWem™2.
the novel Si avalanche PDS (3 x 10~ WHz/2) the noise equivalent power (NEP) of
the MoS, photodetector is much smaller, 1.8 x 10~ WHz /2 [185]. Moreover, similar

work has been carried out on CVD-grown monolayer MoSs and showed a remarkable

However, compared to

responsivity of 2200 A/W in the vacuum condition and down to 780 A/W in ambient air
[186]. Such a difference occurred because the carrier recombination in ambient air is en-
hanced compared to in vacuum. A more sophisticated device structure which contains
two independent electrodes to produce a lateral, tuneable p-n junction in monolayer
exfoliated tungsten disenlenide (WSez) has been reported. The WSe, flake was electro-
statically doped and can be treated as either a PD, a solar cell or a LED, and under PD
mode, a responsivity of 16 mA /W was achieved [187].

There are some groups working on photodetectors with heterostructures based on 2-D
materials only, also known as van der Waals (vdW) heterostructures. An atomic-p-n
diode made from exfoliated flakes of monolayer MoSo and monolayer WSes showed a
responsivity of 11mA /W at 650 nm wavelength [188]. One similar design has also been
demonstrated with relatively low responsivity of 2 mA/W at 532 nm [189]. Another
gallium telluride (GeTe) photodetector is demonstrated with a high responsivity of 800
A/W under liquid nitrogen environment by Wang et al. [190]. A multilayer detector
made from a stack of layers of h-BN, graphene and TMDs was fabricated on a polyethy-
lene terephthalate (PET) film, showing responsivity of 0.1 A/W at 633nm [191].
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From the above short review we can see that photodetectors based on TMDs are more
promising at shorter wavelengths due to the limited bandgap of the materials. TMDs
can not only provide what conventional classical direct-bandgap semiconductors have,

but also offer additional optoelectronic advantages in terms of mechanical flexibility and

easy processing. Table 2.3 summarises the some of the TMDs detectors.

Table 2.3: Summary of the TMDs photodetectors.

TMD devices Layer number | Technology | -EQE/IQE/PCE (%) | Response (mA /W) | Ref.
MoS; on S0z SL 880 A/W at 561 nm | [184]
photodetector Exfoliated
WSe SL (electr. doped) Hakes PCE = 0.5 Electroluminescent at | ) q7)
2 et dope - 1.547 eV
WSes/MoSa SL EQE = 2.1 11 at 650 nm 188
h-BN/Graphene/ WS, /Graphene/h-BN SL EQE =30 0.1 at 633 nm 191
MoS,/Si Schottky junction 12 layers (8.26 nm) - 8.6 192
WSez/MoS; SL p-n diode cvDb EQE = 2.1 11 at 650 nm [188]
p-n junction
MoS;/graphene - 7o
photodetector SLG IQE = 15 107 at 650 nm [193]

Table 2.4 summarises the photodetectors based on 2D materials with rapid photore-

sponse, and Table 2.5 summarises the photodetectors based on 2D materials with high

responsivity.

Table 2.4: Fast photoresponse of photodetectors based on 2D materials

Materials Wavelength (nm) Frequency Respond time | Reference
Ge/Si 1310 340 GHz 40 G bit/s [194]
G/Si waveguide 1550 41 GHz 50 G bit/s [195]
Graphene 1450-1550 20 GHz 12 G bit/s [166]
BP/Si 1550-1580 0.2 MHz- 3 GHz | 3 G bit/s [196]
Graphene 1550 262 GHz 2.1 ps [197]
MoS, 152 300 GHz 5.5 ps [198]
WS,/G 390 - 1ps [199]
G /MoS,/Si 365-1310 - 270 s , 350 ns | [200]

Table 2.5: High responsivity photodetectors based on 2D materials

Materials Wavelength (nm) | R (A/W) | Bias (V) | Respond time | Reference
WSes /G /MoS, 400-2400 1x10? 1 53.6 s [201]
PbS/MoS» 400-1500 6 x 10° 1 0.35 us [202]
Graphene/Bils 400-750 6 x 106 - 8 ms [203]
WSes 500-900 1.8 x 10° 2 23 ms [204]
GaTe/MoS, 473 21.83 1 7 ms [205]
BP 310-1240 9 x 10% 3 1 ms, 4 ms [206]
PbSe/TiOy/G 350-1700 0.506 1 50 ns, 83 ns [207]
WSes/G 532 350 1 50 ps, 30 us [208]
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2.7 Summary

This chapter describes the theory of planar photonic waveguides and multiple detector
platforms that can be used in the mid-infrared. A short review of 2-D materials is also
presented. Due to its electronic and optical properties graphene, is a promising mate-
rial to be used for photodetection. A detail description of graphene synthesis methods,
graphene photodetection mechanisms and a review of graphene integrated photodetec-
tors are presented. From the literature, investigation of graphene based photodetectors
have been more focused on the telecommunication band and NIR range, while fewer
demonstrations in the MIR can be found in the literature. The longest demonstration

of graphene waveguide integrated photodetector is at 2.75 pm [172].

In this project, SOI waveguide integrated graphene mid-infrared detectors are demon-
strated at 3.8 um wavelength due to the existence of the quantum cascade laser, by using
the evanescent coupling method, realising long graphene-light interaction lengths and
achieving larger absorption than 2.3 % from normal incidence. In terms of electrodes
design, a metal-graphene-metal configuration is adopted, where asymmetry electrodes
are fabricated on the sides of SOI waveguides. Photocurrent is generated under the

photo-thermoelectric effect.

The next chapter will present the simulation, fabrication processes, experimental setup
and the characterisation result of the SOI waveguides that are designed for building up

a graphene integrated photodetector in the mid-infrared.



Chapter 3

Simulation, fabrication and
characterisation of mid-infrared

waveguides

This chapter describes the simulation software, the fabrication processes for the pas-
sive devices, the experimental setup for characterising integrated photonic devices, and
the characterisation results of silicon-on-insulator mid-infrared waveguides at 3.8 um
wavelength. The instruments that have been used for testing both passive and active

photonic components are presented.

3.1 Simulations

Commercial simulation tools are very helpful in simulating the performance of photonic
components and devices. In this project, Photon Design Fimmwave [209] and Lumerical
[210] were used to aid the design and optimisation of both the passive and active devices.

This section briefly introduces both software packages.

3.1.1 Fimmwave

In Fimmwave, a basic 2-D cross-section of the waveguide is simulated using the Film
Mode Matching (FMM) solver, which is based on Sudbo’s FMM method [209] taking into
account the losses of the material used. The FMM is used due to higher accuracy than
other available approaches within the software when simulating rectangular geometries
with high-index-contrast interfaces. As the FMM is a semi-analytical algorithm, high-
index-contrast interfaces can be treated as a relatively low number of uniform refractive

index regions, thus improving the simulation efficiency.
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3.1.2 Lumerical

Lumerical MODE solutions software package [210] has also been used in this project.
MODE solutions is capable of mode analysis, and bidirectional eigenmode expansion.
The finite difference eigenmode (FDE) solver in MODE solutions is used to calculate
the spatial profile and frequency dependence of modes by solving Maxwell’s equations
on a cross-sectional mesh of the waveguide. The FDE solver calculates the mode field
profiles, effective index, and loss. Integrated frequency sweep can be also used when

calculating group delay, dispersion, etc.

3.1.3 Mask design

The layout of the chip for both waveguides and other components was carried out adopt-
ing a combination of the L-edit [211] layout design software and a group of C++ functions
written for the purpose of drawing generic integrated photonic components as well as
system components. The C++ functions can be called from the L-edit program, where
all parameters can be defined through the C++ code. By doing so, a large amount of

time can be saved when drawing complex layouts with a great number of variations.

A library of C++ functions was created for automating alignment between various com-
ponents and to create a series of devices with changeable parameters. Examples for such
scenario can simply be waveguides with increased lengths for propagation loss charac-
terisation or to investigate the grating coupler efficiency. Two types of functions were
created: one is devices that are commonly used in various designs and remain the same,
such as grating couplers, tapers and waveguides with a certain width, others are files
that combine different functions to build up a complete structure at a higher level or an

entire system design.

3.2 Fabrication

The fabrication process flow which takes place at the Southampton Nanofabrication
Centre is described here. Layout design was carried out by myself, while Dr Ali Khokhar
transferred the mask design into an e-beam file and implemented the e-beam lithography,

rest of the fabrication were carried out by myself.

1. Layout design and transformation into the e-beam file

L-edit software is used to design the chip layout and it is then exported in the
GDS-II file format. GenlSys [212] is used to convert the GDS-II file to .V30 file
format before importing it into the e-beam BEAMER software. This powerful

software tool can perform logic editing operations on desired layers, and can also
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adjust e-beam resolution, e-beam dose, spot size and other parameters for different

exposure needs.

2. Initial wafer clean

Before any fabrication processes start, the wafers are cleaned. The initial cleaning
processes are to put wafers into RCA1 (NH4OH:Hy09:HoO mixture with ratio
1:1:5), RCA2 (HCL:H202:H2O mixture with ratio 1:1:5) and followed by dipping
in buffered HF (1:20 with HF: NH4F). The RCA1 clean is used to remove organic
contaminants left on the wafer surfaces, polarised HoO and NH4OH molecules
attach themselves to any of those contaminants and then drive each other away.
RCA2 removes metallic ions completely because it can react with most of the
metals and form soluble chlorides. Then, buffered HF will strip the oxide layer

and passivate the silicon surface with a hydrogen termination.

3. Electron-beam lithography (Figure 3.3 (a)-(c))

ZEP 520A photoresist is spun onto the wafer at a speed of 2360 rpm, which
produces a photoresist layer of 500 nm thickness. After that, the wafer is baked
for 3 minutes at 180°C. Then Espacer is spun on to the wafer at a speed of 2000
rpm, which can increase the conductivity of the resist during writing. The wafer
is written using a JEOL JBX-9300FS e-beam tool. In order for the e-beam tool to
be able to write all components from different layers in the designed places, detail
and fine alignment marks are crucial, thus alignment marks have to be written
in the first step. Figure 3.1 shows a GDS design with alignment marks at the
corner of one chip. To decide whether other components are written together with
the alignments is dependent on the etch depth of the first passive devices, such as
waveguides, grating couplers and tapers. In this project, alignment marks have the
same etch depth as other passive components, thus all these devices and alignment

markers are written in the same step.
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Figure 3.1: GDS with algnment marks at the corner of each chip.
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After the writing, the wafer needs to be developed in ZEDN50 photoresist devel-
oper for 2 minutes and 30 seconds, and then the wafer is rinsed in IPA for 30

seconds and blow dried with Ns.

4. ICP silicon etching (Figure 3.3 (d))

The written wafers are etched in the Oxford Instruments ICP 380 system. Before
the etching process, a 20 minutes conditioning period is necessary, so as to create a
chamber atmosphere that is the same as during the later etching. The conditioning
wafer is made from a plain silicon wafer with thick S1813 photoresist after hard
baking on the hotplate. The ICP silicon etch uses SFg (25 sccm) and C4Fg (45
scem) gases, at the pressure of 15 mTorr and temperature of 15°C with 100 W DC
power and 800 W RF power. The etch rate of silicon is around 3.5 nm/sec, and
the thickness of the etching layer is monitored by using an ellipsometer to measure
it in a 1x1 mm metrology box that has been defined in the mask design and has
the same GDS number as the waveguide layer. The remaining photoresist ZEP is
removed from the wafer by using Asher for standard cleaning process for 15 mins.
Figure 3.2 shows an ICP chamber [213].

Gas inlet

Plasma
RF coil

antenna

Lower
electrode

Wafer/sample

Pumps

Figure 3.2: ICP chamber diagram, modified from [213].

5. Wafer dicing

After the lithography and etching processes, the wafer is diced into 30 mm x 40
mm samples by a dicing saw. Before dicing, a thick layer of S1813 photoresist is
spun onto the wafer and baked for 1 minute under 110 °C to act as a protection
layer, and then the back side of the wafer is stuck onto an adhesive plastic film.

The wafer is secured by a supporting ring and then fitted into the dicing saw.

After dicing, all the samples are rinsed in acetone, IPA and DI water for 3 minutes each
in an ultrasonic bath, and are blown dry with a Ny gun, and finally the O9 plasma asher

is used to remove any remaining solvent for 10 minutes.
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(a) Spin coating resist

b) E-beam lithography

(c) Resist developing

E-beam
ZEP520A

(d) ICP silicon etch

Figure 3.3: Diagram of cross-section images of silicon waveguide fabrication
processes.

3.3 Experimental setup

The illustration of the experimental setup for characterising MIR passive components is
shown in Figure 3.4 [214].
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Figure 3.4: The schematic of the experimental set up used for characterisation of
MIR photonic devices. The dash line represents the free-space beam, modified
from [214].
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A tunable quantum cascade laser (QCL) which operates at 3.71-3.90 pm is utilised as
the source. Light from the laser passes through a chopper which operates at a frequency
400 Hz, before passing through a half-wave plate for controlling the polarisation and
two mirrors that are used to control the angle of the incident light. The beam is then
coupled through a ZnSe lens (0.5-20 pm transmission) into the mid-IR optical fibres,
which have low loss within this range. Then, light is transmitted through mid-IR optical

fibres and is coupled to the chip via grating couplers.

The test sample is placed on a stage, while the optical fibre holders are placed on three-
axis stages. The stages can be manually tuned for rough alignment and also tuned
by piezo-controllers for fine adjustments. A visible camera was used for visual control
of the optical fibre position relative to the grating couplers. All the characterisation
equipment is connected by GPIB bus and controlled by LabView program or Python

scripted programs.

3.3.1 Equipment details
3.3.1.1 Quantum cascade laser

The QCL is a commercial product manufactured by Daylight Solutions [215], and it
has an operating range from 3.71 to 3.90 pm in either continuous wave (CW) or pulsed
modes. The laser operates at room temperature (21°C'), thus a chiller is required to
maintain the temperature. The circulating coolant is a mixture of water and isopropanol.
In CW mode, the laser has a maximum output power of around 150 mW at the peak
operating wavelength of 3.8 um Figure 3.5. The laser has a nominal tuning accuracy of +
0.5 cm~! (& 1.9 nm at A = 3.8 um), whilst the nominal linewidth is + 0.003 cm =1 (£ 11
pm at A = 3.8 um). The optical power is determined by the laser current, the operating
wavelengths are tuned by a laser controller which is supplied by the manufacturer, and
which can be controlled through a LabView [216] program on the PC (Figure 3.4).

3.3.1.2 Detector

The detector is model IS-1.0 from InfraRed Associates Inc [216]. The detector needs
liquid nitrogen to cool down, which is achieved by pouring the liquid nitrogen into the
detector’s cavity using a funnel. Based on the information provided by the manufacturer,
the bandwidth is 150 kHz. In order to improve the signal to noise ratio, the output of the
detector is connected to a pre-amplifier (INSB-1000 Pre-Amp [216]) which is connected
to a lock-in amplifier. Figure 3.6 [214] shows the detectivity spectrum of the InSb IS-1.0

detector.
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Figure 3.5: QCL output power vs emission wavelength; data are provided by
Daylight Solutions.
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Figure 3.6: The detectivity spectrum of the InSb IS-1.0 photodetector, modified
from [216].

Another HgCdTe based detector made by Vigo System [217] is available and it can be
also used for detecting the MIR light. This photodetector features a four-stage ther-
moelectrically cooled IR photovoltaic detector. The detector has a 400 MHz bandwidth
with a detectivity of 6 -10'0 cmHz'/2W~1. Another advantage of this detector is that it
does not need liquid nitrogen. This detector is also connected to the pre-amplifier and

the lock-in amplifier to extract the measurement signal.

3.3.1.3 Optical fibres and fibre preparation

The fibres used for the characterisation of MIR devices are fluoride based MIR single
mode fibres fabricated by Thorlabs [218]. The fibres are transparent from 300 nm to
4100 nm.
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Before the fibres can be used, they need to be stripped and cleaved:

1. The external coating is around 4 mm in diameter and can be cut by a stripper.

2. The second coating layer is a buffer layer, which is around 800 pm in diameter,

this layer can also be stripped directly by a stripper.

3. The final coating contains a 250 um diameter outer layer and a 125 pm diameter
inner layer. The fibre needs to be dipped into acetone for about 2 minutes, and
then the fibre can be stripped carefully, using a Miller type stripper. The fibre

core is 9 um in diameter.

4. The stripped fibre is cleaved by a York FK11 fibre cleaver. The cleaver contains
two clamping levers that ensure the fibre is secured. Then tension is applied upon
the fibre by pulling one lever to make the clamps part. In the end, the lever is
pulled and forces a diamond blade to move forward and finish cleaving. After
each cleaving, both the fibre holder and the diamond blade must be cleaned by

isopropanol.

3.3.1.4 Lock-in amplifier

The output of the detector pre-amplifier is connected to a Signal Recovery SR7265 lock-in
amplifier [219]. The lock-in amplifier is also connected to the chopper wheel controller
that modulated the laser output, thus it can lock onto a signal at this frequency in
the detector output, increasing the signal to noise ratio. The lock-in amplifier is also
connected to the PC through the GPIB bus and provides the LabView program with

the measured transmission which is plotted against the laser output wavelength.

3.3.1.5 Polarisation control

As already mentioned, it is important to control the polarisation state of light that
is coupled into the sample. The QCL laser produces TM polarised light (> 100: 1,
TM: TE). To obtain TE polarised light at the input of the chip, the QCL polarisation
is rotated by a 90° by a half-wave plate, which is placed between the output of the
QCL laser and the fibre input. The half-wave plate is made from cadmium thiogallate
(CdGagS4), which is transparent from 0.47 - 9.5 um, and there is also an anti-reflection

coating to eliminate the back reflection into the laser.
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3.4 MIR silicon waveguide

3.4.1 Waveguide simulation and design

The SOI waveguide was simulated as a 2-D waveguide using the Lumerical MODE
package as described before. Figure 3.7 shows the optimised TE mode profile by changing
the width of the strip waveguide, which 1.3 pm wide and 500 nm thick for single mode
propagation was chosen with the simulated propagation loss of 0.27 dB/cm for TE
mode at 3.8 pm wavelength. The waveguide width is chosen to be 1.3 um because it is
the largest width to support a single mode and it also reduces the sidewall roughness.
The minimum waveguide propagation loss of 1.3 ym width waveguide at the 3.8 pum
wavelength is 1.28 £ 0.65 dB/cm [220].
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Figure 3.7: Diagram of the rib waveguide cross-section, and the fundamental
TE mode.

By using the same mask design method mentioned before, the layout of the waveguide
propagation loss section is presented in Figure 3.9. Light can be coupled into the chip
from the fibre by either “in-plane coupling” method or “out-of-plane coupling” method.
In the “in-plane coupling ” method also known as butt-coupling method, the fibre is in
the plane of the waveguides and is aligned to the waveguide facet. On the contrary, for
the “out-of-plane coupling” method also known as grating coupling method, the fibres
are held on 3-axis fibre holders with a fix input angle to the chip surface. The grating
coupling method is easier for optical alignment compared to the butt coupling, because
the position of fibre can be determined accurately by the fibre holder. The grating
coupling has higher alignment tolerance than butt the coupling method, where a NIR

source is needed for initial alignment.

By using the grating coupling method in this project for the purpose of avoiding poten-
tial inconsistencies that might appear compared to the in-plane coupling method, light
can be coupled in and out of the waveguides through focusing surface grating couplers
(Figure 3.8). The focusing grating couplers that have been published in [221] have been

used in this project.
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At each side of the grating coupler, there is a taper that is connected to the end port of
the grating coupler. The taper was designed to improve the performances of the grating
coupler and to make the coupling from the grating to the waveguide more efficient.
Figure 3.8 shows the GDS design of the focusing surface grating. The magnified image
(a) shows the dimensions of the design. The arrayed holes (in blue colour) are the
structures that been etched by the ICP and the red area are the top silicon surface
remained. Each etched hole had 1 um width and 0.25 pm height, and 1 pm period.
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Figure 3.8: (a) Magnified image of the GDS design of the grating coupler,
(b) GDS design of the focusing surface grating coupler. The arrayed holes (blue
colour) represent the holes get etched and the rest of the silicon surface remained
(red colour).

3.4.2 Waveguide propagation loss measurement

For all the waveguides, propagation loss is measured by the cut-back method [222], which

is sketched in Figure 3.9.
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Figure 3.9: Schematic of the cut-back method, in which the waveguide length
is varied while other parameters are kept same, from [222].

The power loss per unit length of the waveguide can be obtained by measuring the

optical transmission through waveguides with increased length with the same input and
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output grating couplers. By using the method, many components that influence the
total loss can be removed, such as the bend loss, grating coupling loss and variance
across the wafer surface during the fabrication. The waveguide loss can be calculated

from:

1 Is

o= (= in(E

() (3.1)

where « is the propagation loss (cm™!), L1 and Ls are the lengths (cm) of two waveg-
uides, and I and I; are the measured transmission powers for each waveguide. The
absorption in dB/cm ™! can be obtained by using the following relation: « [dB/cm] = 10
x logipa [em™1] = 4.34 x « [em™!]. With a number of measured waveguides, a graph
of normalised optical loss (dB) against propagation length (cm) can be plotted, and the

gradient of the best-fitted line will give an estimate of the waveguide loss in dB/cm.

Within all the measurements, the scanned transmission after passing the device is mea-
sured and normalised to a straight waveguide, which can eliminate the influence from
dependences of the QCL output power and any other wavelength variation from the
setup. The grating coupler design is modified for the 3.8 ym design and more details
can be found in [223].

3.4.3 Waveguide characterisation

The fabricated samples were tested utilising the MIR, characterisation setup mentioned
before for passive measurements, in the 3715 - 3880 nm wavelength range. Figure 3.10
shows the loss measurement of the 1.3 pm wide waveguide using the cut-back method
at the 3.8 pm wavelength. The x-axis is the length difference and y-axis the normalised
transmission. The propagation loss of the waveguide is the gradient of the fitting line,

which is approximately 2.5 dB/cm (seen in Figure 3.10).

Compared with the simulated propagation loss value 0.27 dB/cm, the measured 2.5
dB/cm is larger, the increasing of propagation loss might come from the roughness of
the waveguide sidewall from etch, there might be other contamination or dirt on the

chip.

3.5 Summary

This chapter presented a brief review of the simulation tools that have been used in this
project, and fabrication processes for passive components, and a detailed illustration
of all the equipment that is needed for passive optical measurements. Moreover, the

characterisation results of silicon waveguide in the MIR are presented.
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Figure 3.10: Loss measurement of 1.3 pum width waveguide by the cut-back
method at 3.8 pm wavelength, the propagation loss is around 2.50 dB/cm.

In terms of the simulation software: Fimmwave and Lumerical packages are chosen due
to not only their popularity but also their efficient performance. MODE solutions from

Lumerical packages is used to simulate the mode profile in the waveguide.

The mask design is carried out by combining C++ code with L-edit for the purpose of

reducing repetitive jobs and performing accurate layout design and generation.

For passive components fabrication procedures, all the lithography steps are carried out
by the e-beam, thus ZEP520A photoresist is used and alignment markers and passive
devices such as waveguide, grating couplers and tapers are etched at the same step in
the ICP. After etching process, remaining ZEP520A is removed in the Os plasma asher.
Diced chips are washed under acetone and then IPA in the ultrasonic bath and blown
dry with No.

The fully etched waveguides with 500 nm height and 1.3 pm width had a propagation
loss of 2.5 dB/cm the 3.8 um wavelength. This is acceptable performance for the MIR.



Chapter 4

Mid-infrared waveguides and

graphene

4.1 Introduction

This chapter describes the investigation of the performance of transferred graphene on
top of the mid-infrared silicon waveguides which has been demonstrated in the previous
chapter. The mask design, simulations, related fabrication, characterisation and results

are presented.

There are three stages of such investigation. The first stage is the initial investigation
that the graphene has been transferred directly on top of the silicon-on-insulator strip
waveguides. Part of this work was a collaboration with Nikolaos Aspiotis from the
University of Southampton. Nikolaos Aspiotis transferred graphene on top of the silicon
waveguide, and I performed the graphene patterning process. The second stage of the
work is a collaboration with a commercial company, Applied Nanolayers (ANL), where
graphene is transferred and patterned by ANL based on my design after the silicon
waveguides are fabricated by myself. The third stage of the project is a collaboration
with Dr. Junjia Wang from the University of Cambridge. Same as the second stage,
Dr. Junjia Wang carried out the graphene transferring and patterning processes after I

fabricated the silicon waveguides. All characterisation has been performed by myself.

4.2 Graphene on silicon-on-insulator strip waveguides

This section demonstrates the initial investigation of the performance of graphene ab-
sorption after it has been transferred and patterned onto the SOI waveguides. The SOI

strip waveguides are fabricated with the same method and with the same dimensions

51



52 Chapter 4 Mid-infrared waveguides and graphene

as those described in Chapter 3. First of all, the graphene transferring process that is

adopted in the initial investigation stage is described here.

4.2.1 Design and simulation

By using the mask design mentioned before, a GDS design of the waveguides with
increased lengths of graphene was created (Figure 4.1). Graphene length is increased by

every 50 pum and a normalisation waveguide is also included.

Normalisation waveguide

T~ Graphene

Figure 4.1: The mask design of the test structures for measuring the absorption
coefficient when graphene is transferred onto the silicon waveguides.

Simulation of graphene coupled silicon waveguides is carried out in Lumerical MODE
solutions, where a layer of graphene can be introduced using the surface conductivity
material model [224]. The surface conductivity for a monolayer graphene is given by the
combination of interband and intraband terms which are described in [225]. The surface
conductivity material function is available in the material database in MODE solutions.

Equation 4.1 and Equation 4.2 give expressions for surface conductivity,
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where e is the electron charge, w is the angular frequency, kp is the Boltzmann constant,
h is the reduced Plank constant, 7' is the temperature in Kelvin, 7 is the electron
relaxation time, and I' = 1/(27) is the electron scattering rate. In this work, for the
most common condition T = 300K and 7 = 1ps. Chemical potential of graphene is
constant (0.093 eV) under no external voltage [226], more information can be found in
[227, 228]. Once an instance of graphene material type is added into the database, it can

be assigned to a 2D rectangle. Figure 4.2 shows the simulated window of the waveguide
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coupled with graphene (marked white dash line). The simulated propagation loss of the
waveguide is 315 dB/cm at 3.8 pm wavelength.
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Figure 4.2: Cross-section of the graphene/Si waveguide.

4.2.2 Graphene transferring process

Because Cu has low solubility in C, graphene can be grown on Cu foils (Figure 4.3 (a))
and transferred to target substrates under the assistance of polymethyl-methacrylate
(PMMA). The transfer procedure is briefly described below.

1. A PMMA layer is spun on graphene/copper film by a resist spinner, and then
cured under 180°C for 1 minute. (Figure 4.3 (b))

2. The Cu is totally etched away inside the ammonium persulfate. (Figure 4.3 (c))

3. The dried graphene/PMMA film is placed on the silicon waveguide after being
washed by the DI water. (Figure 4.3 (d) and Figure 4.3 (e))

4. The last step is to use acetone to dissolve the remaining PMMA above the graphene.
(Figure 4.3 (f))

In order to examine the quality of graphene that has been transferred above the sample,
Raman spectroscopy is used. Raman spectroscopy (Renishaw InVia Raman Spectrome-
ter [230]) is widely used in lab- and mass-production scales for graphene examination, it
offers high resolution and gives maximum structural and electronic information. Under
laser excitation, the phonon energy shift in graphene can create scattering processes

responsible for the graphene Raman peaks [231].

In pristine graphene, two main peaks in the Raman spectrum can be seen, G peak
(1580 cm~!) and 2D (or G') peak (2690 cm™!). G peak represents primary in-plane
vibrational mode, and 2D peak is a second-order overtone of another vibrational mode

[232]. Disorder peaks will appear if the graphene shows defects, they are D (1350
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(a) Graphene growth (b) Polymer coating (c) Copper etch

PMMA

Ammonium Persulphate

(d) Rinse (e) Sample transfer (f) Polymer annealing/
solvent etch

PMMA

Silicon

Silicon

DI water

Figure 4.3: Process of graphene transfer, reproduced from [229].

em™'), D' (1620 cm™!) and D+G (2940 cm™!). Disorder peaks cannot be seen in the
pristine graphene [233]. Different disorder peaks are originated from different scattering
processes within graphene, more information can be found in [231]. Figure 4.4 shows

the Raman spectra (wavelength 633 nm) of pristine graphene and defect graphene [234].
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Figure 4.4: Raman spectra of (a) pristine graphene and (b) defect graphene
after irradiation by Ne® at a dose of 10'2cm ™2, from [234].

Figure 4.5 shows the Raman spectrum of the un-patterned graphene transferred on the
silicon waveguide. Only G and 2D peaks can be seen from the spectrum (wavelength
532 nm).
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Figure 4.5: An example of a Raman spectrum of a SOI sample after graphene

transfer. It can be seen that a good quality of single layer of graphene is achieved
[235].

4.2.3 Graphene patterning

In order to examine the performance of graphene on top of the silicon waveguides, it
is necessary to pattern the size and the position of graphene sheets on SOI accurately
after transferring. At this stage, waveguides have already been patterned on the chip
by myself and the graphene has been transferred by Nikolaos Aspiotis. The graphene

patterning process is presented below and is carried out by myself.

e Sample preparation

Before the sample is written by e-beam lithography, it is washed by acetone, IPA,
DI water and blow dried by No. In order to remove moisture from the sample,
it should be put in an oven at 210°C' for at least 30 minutes before the spinning

process.

e Electron-beam lithography

AZ2070 photoresist is spun onto the wafer at a speed of 6000 rpm for 1 minute,
which produces a photoresist layer of 2 micrometres thickness. Then the sample is
baked for 1 minute at 110°C. E-spacer is spun on the just-baked AZ2070 surface
at 2000 rpm for 100 seconds. The wafer is written in the same electron beam
lithography tool. AZ2070 is a negative photoresist with high thermal stability and
e-beam sensitivity. A negative photoresist is used as the majority of the area of

the graphene is going to be etched away, so it saves time and is less expensive.

e Photoresist development

Before photoresist development, e-spacer needs to be removed by DI water. Then
the sample is baked for 1 minute at 110°C on a hotplate. Then AZ726 photoresist

developer is applied to develop the sample after e-beam writing. The sample is
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placed in the developer for 3.5 minutes and then rinsed in DI water and blow dried
under No. Figure 4.6 shows a microscope image of the sample after developing. It
can be seen that AZ2070 patterning masks are formed for different structures after
the developing. For the majority area not covered by photoresist, the graphene is

going to be etched away in the subsequent etching step.

_Developed AZ2070 100 pm

Figure 4.6: The optical microscope image of the straight waveguides covered by
increasing length od graphene ribbons.

e RIE oxygen plasma etching

The RIE oxygen plasma etching uses only oxygen (20 sccm), at a pressure of 100
mTorr and a power of 50 W for 1 minute (Figure 4.7) [236]. After the RIE oxygen
etching, Raman spectroscopy is used to verify the presence of graphene. After
etching, the remaining AZ2070 photoresist is stripped away by NMP solution. The
stripping process involved putting the developing bowl on the heated hotplate at
80°C for 10 minutes.
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— Pumps Table power

Figure 4.7: Diagram of the RIE chamber, reproduced from [236].
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4.2.4 Optical behaviour of transferred graphene on silicon waveguides

By using the graphene transferring and patterning processes described above, CVD
grown graphene is transferred and patterned onto the silicon-on-insulator waveguides
for the purpose of investigating the performance of graphene/silicon waveguides. By
using the characterisation setup described in Chapter 3 and the “cut-back” method.
Figure 4.8 (a) shows the normalised transmission at 3800 nm wavelength, and (b) shows
the normalised transmission at 3850 nm. The gradient of the fitted normalised transmis-
sion curve is the absorption coefficient of graphene for that wavelength. The absorption
coefficients are 382 + 0.5 dB/cm and 402 £+ 0.6 dB/cm at 3800 nm and 3850 nm wave-
lengths, respectively.
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Figure 4.8: The normalised transmission of waveguides with increased lengths
of graphene at (a) 3800 nm, and (b) 3850 nm.

Figure 4.9 shows the spectrum of the normalised propagation loss of the SOI strip
waveguides with graphene on top. The propagation loss of is 382 + 30 dB/cm over
3715-3880 nm wavelengths, where graphene is transferred and patterned on the SOI

waveguides.

Figure 4.10 (a) shows an SEM (JEOL JSM 7500F FEG SEM [237]) of the graphene
covered SOI waveguides, which confirms the graphene patterning process was successful.
The designed size of graphene has been placed on the given position. Figure 4.10 (b)
shows a magnified SEM image of graphene on a waveguide after processing, and residuals
can be seen around the graphene sheets. Following the first attempt of transfer, more
investigation was needed to determine the origin of the residuals. It was thought that
they would be PMMA from the graphene transferring process or from the photoresist
AZ2070 from the patterning process.

Figure 4.11 shows the Raman spectrum of the transferred and patterned graphene on

top the silicon waveguides. Not only G and 2D peaks can be seen in the spectrum but
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Figure 4.9: The normalised propagation loss of the SOI strip waveguides with
graphene on top.

SOl waveguide
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Figure 4.10: (a) SEM image of SOI waveguides covered by graphene, (b) magni-
fied SEM image shows residuals left after processing, which may be the PMMA
or AZ2070 from different processing steps.

also other defects peaks could be seen, which means that the graphene crystal lattice

was broken after fabrication.

At this stage, the preliminary test of graphene transfer and patterning processes has been

proved and next section is going to demonstrate the work in collaboration with a com-

merical company, Applied Nanolayers, on transferring graphene on silicon waveguides
with a thin SiOy thick cladding.
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Figure 4.11: The Raman shits of graphene on SOI waveguides after transfer and
patterning process.

4.3 Graphene on silicon waveguides with a thin SiO, top

cladding

This section demonstrates the design, fabrication and characterisation of graphene on
silicon waveguides with 90 nm SiOs top cladding. Graphene cannot be seen under an
optical microscope after the AZ2070 is stripped after etching and developing, which
makes the following fabrication processes more difficult. However, graphene can be seen
under an optical microscope when a certain thickness of SiOs is deposited on the top

silicon layer.

Part of this project has been carried out in collaboration with Applied Nanolayers (ANL),
where graphene was transferred and patterned by ANL based on my design, and the

experimental results were obtained at the University of Southampton by myself.

4.3.1 Design and simulation

Instead of fully etched 500 nm silicon to form the waveguide, there was a 50 nm slab
region left, and then 90 nm SiO- has been deposited on top of the waveguides. This was
done so that transferred graphene can be seen under the microscope on 90 nm SiO4 [238].
Figure 4.12 shows the simulated cross-section of the 450 nm etch depth rib waveguides
with a 90 nm PECVD SiO;. The simulated waveguide propagation loss is 0.32 dB/cm
at 3.8 pm wavelength.

By using the same simulation mode described before, Figure 4.13 shows the simulated
cross-section when graphene is placed above the silicon rib waveguides with a 90 nm
SiO9 cladding. The simulated propagation loss of the waveguide after introducing the
patterned graphene becomes 160 dB/cm at 3.8 ym. The white dash line represents the

graphene layer.
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Figure 4.12: Diagram of the rib waveguide cross-section with simulated mode
profile, light travelling in the perpendicular direction, with 1.3 pm waveguide
width and 450nm depth and 90 nm SiOs on top.
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Figure 4.13: Diagram of cross-section of graphene placed on top of a rib waveg-
uide with simulated mode profile.

By applying the same mask design method described in Chapter 3, the layout of graphene
with silicon photonic waveguides is presented here. Straight waveguides with increased
graphene coverage lengths were designed for the purpose of investigating absorption
coefficients of graphene, which can be seen in the GDS design in Figure 4.14. The
variation of the length of graphene embedded on the waveguides are from 100 - 600
pm, and in each section, the length of graphene is increased by 100 pm. Subwavelength
gratings with tapers to couple light in and out of the waveguides are used. There are
normalisation waveguides, and also two waveguides covered by 1000 pm long graphene

sections are included.

4.3.2 Fabrication

Fabrication of the waveguides for ANL was carried out as described in Chapter 3. Fig-
ure 4.15 (a) shows the rib waveguides were formed in the ICP, Figure 4.15 (b) represents

a 90 nm thick SiOs was deposited on top of the silicon waveguides by plasma enhanced
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Figure 4.14: The mask design of the test structures for measuring the absorption
coeflicient when graphene is transferred onto the silicon waveguides. The inset
represent the grating coupler design which remains the same.

chemical vapour deposition (PECVD) and Figure 4.15 (c) shows cross-section of the

chip after graphene transfer and patterning.

(a) Waveguide etch (b) SiO, deposition

D ——— 90 nm SiO,

50 nm Si 50 nm Si

(c) Graphene transfer and pattern

Graphene

90 nm SiO,
50 nm Si

Figure 4.15: Schematic of the fabrication processes, (a) ICP etching to form
the rib waveguides, (b) a 90 nm thick PECVD deposition on top of the silicon
waveguides, (¢) Graphene transfer and patterning.

Figure 4.16 shows the diagram of the reaction chamber [239]. SiOs layer is produced
by chemical reaction: SiH4y + 2NoO — SiOg + 2Ny + 2H, that take place on the
heated substrate (3500) in the chamber for the purpose of allow the generated gaseous

by-products diffuse from the SiO4 film during deposition.

4.3.3 Characterisation

The characterisation set up described previously has been used to measure the trans-

mission of the test structures, Figure 4.17 shows the propagation loss of the silicon rib
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Figure 4.16: PECVD chamber diagram, modified from [239].

waveguides with 90 nm SiOs top cladding, which is 86 + 11 dB/cm across the 3720-
3888 nm wavelength range. Compared with the simulated 0.32 dB/cm propagation loss,
the high waveguide propagation loss might come from the contamination during the

graphene processing and metallisation procedure.
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Figure 4.17: The propagation loss of the rib waveguides with top SiO2 cladding
from 3720-3888 nm wavelength.

Figure 4.18 shows the spectrum of the normalised waveguide propagation loss of the
graphene/Si waveguides at the 3.8 pm wavelength, which is about 150 dB/cm . This

value is close to the simulation value which is about 160 dB/cm (Figure 4.13).

Figure 4.19 shows the SEM image of the graphene on top of the waveguides after transfer
and patterning, where a clearer sample surface can be seen. Compared to Figure 4.14,

the graphene has been successfully fabricated as designed.

Zeiss NVision40 focused ion beam (FIB) system [240] is used to examine the silicon etch
and SiOg deposition profiles. FIB instrument is almost identical to a SEM, but uses
ion beams instead of electrons. The FIB can milling the specimen surface in nanometre

precision through sputtering process. Zeiss NVision40 FIB system also contains a SEM
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Figure 4.18: The normalised transmission of waveguides covered by increased
length of graphene. The gradient of the linear fitting is the graphene absorption
coefficient, which is about 150 dB/cm at 3.8 pum wavelength.
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Figure 4.19: SEM image of the patterned graphene on silicon waveguides with
90 nm PECVD SiOs.

system, where the electron and ion beams intersect at a 54° ar a coincident point near
the sample surface, allowing immediate, high resolution SEM imaging of the FIB-milled

surface, thus an cross-section image after FIB milling can be obtained.

Figure 4.20 shows the FIB image of the cross-section of a grating coupler, where it
can be seen that the silicon has a height of 515 nm with a 47 nm rib, a 94 nm thick
PECVD SiO2 had been deposited on top of the gratings, hence the fabrication processes
followed the design specifics. The waveguides have also been examined under the FIB
and Figure 4.21 shows the cross-section of the waveguides, where a 62 nm slab has been
formed with a thicknesses of 110 nm PECVD SiOs on the top of the rib and 89 nm SiO,
deposited on the slab and side walls. In conclusion, the SEM images confirm that the

fabricated dimensions matched the simulated ones.

Figure 4.22 shows the spectrum of the transferred graphene on waveguides with 90 nm

SiOq after all the fabrication processes. G and 2D peaks can be seen in the spectrum
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Figure 4.20: FIB image of the grating couplers of the photodetector.
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Figure 4.21: FIB image of the waveguide of the photodetector.

but also the defects peaks, which indicates that the single crystal lattice was damaged

during the fabrication.
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Figure 4.22: The Raman shifts of graphene on SOI after the patterning process
and photoresist stripping. G and 2D peaks can be seen in the spectrum which
confirms the single crystal lattice of graphene.
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4.4 Graphene on the planarised Si waveguides

Learning from the SOI waveguide with 90 nm thick rib design, a planarised Si waveguide
integrated graphene MIR photodetector was designed aimed at achieving better perfor-
mance. Because the 3D structure created the potential of damaging graphene during
patterning, a planarised surface was designed with advantage of reducing possibility of

graphene breaking during fabrication.

This part of the work was carried out in collaboration with University of Cambridge,
where all the passive devices fabrication was performed at the University of Southamp-
ton by myself, and the graphene transfer, pattern and metallisation procedures were
carried out by Dr Junjia Wang in Cambridge based on my design. After the samples
were fabricated, all the characterisation was carried out by myself. This section demon-
strates the simulation, fabrication and characterisation of the passive devices, whilst the

metallisation process is described in the next chapter.

4.4.1 Simulation and design

The dimensions of the waveguide have been narrowed down from 1.3 ym to 1 ym width
and the etch depth changed to 500 nm, which would push the mode to the top and
bottom sides of the waveguide thus the graphene-light interaction would be stronger
than in the previous design. 500 nm etch depth is chosen due to it will be easier to
control the etch depth. A thin and flat layer of chemical mechanical polishing (CMP)
planarised SiO2 has been designed on top of the silicon waveguide to create a flat surface
for graphene transfer. Figure 4.23 shows the simulation of the 20 nm thick SiO5 on top
of the 1 pm wide fully etched SOI waveguide. The simulated propagation loss of CMP
polished waveguide is 0.5 dB/cm at 3.8 pm wavelength.

|
20 nm sio,
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Figure 4.23: Diagram of the strip waveguide cross-section.
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Figure 4.24 shows the mode profile within planarised waveguide with patterned graphene
on top, the simulated propagation loss increased to about 320 dB/cm, the dash line

represents the graphene.
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Figure 4.24: Diagram of the graphene Si strip waveguide.

Moreover, a directional coupler was introduced to split the light to make the optical
alignment easier, in which 10% of light would be coupled into the reference arm for
optical alignment and the rest of light would continue to the waveguide leading to the
graphene photodetector. Directional couplers are made from two waveguides that are
parallel and very close to each other, where the light is coupled from one waveguide into

another through an evanescent field during propagation.

The directional coupler was simulated in MODE solutions, and the dimensions of the
directional coupler were 17 pum in length and 400 nm gap between the two waveguides.
Figure 4.25 shows the GDS design of the directional coupler normalisation structure
where the length of 450 pm is exactly the length of one design of graphene photodetectors

but without graphene and electrodes.

450 pm

Figure 4.25: Diagram of the directional coupler normalisation structure, the
inset shows the directional coupling region.

Figure 4.26 (a) shows the coupling ratio versus the coupling length of the directional

coupler, where ~ 17 um coupling length can result in 10% of light being coupled into the
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second waveguide, Figure 4.26 (b) shows the simulation result for a 400 nm gap between

the two waveguides.
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Figure 4.26: (a) The coupling ratio versus the coupling length of the designed
directional coupler, (b) coupling between the two waveguides.

4.4.2 Fabrication

Fabrication of the waveguide layer of the device was carried out as described in Chapter
3. Following this the PECVD was used to deposit 1 pum thick SiOs on top of the wafer.
Then, chemical mechanical polishing (CMP) was used to planarise the wafer surface in
order to achieve a better graphene transfer quality. After CMP the wafer was cleaned in
Fuming Nitric Acid (FNA) for 1 minute, and then the polished wafer was rinsed in DI
water and blown dry under the No gun. The dicing process has been already described
in Chapter 3. Figure 4.27 shows the front view of the CMP system.

S |
B Polishing pad
Figure 4.27: CMP system front view, reproduced from [241].

The CMP processes used an abrasive and corrosive chemical slurry (commonly a colloid)

in conjunction with a polishing pad and retaining ring, always of a larger size than the
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size of the wafer being polished. The dynamic polishing head can rotate with multi-axis.
This removes material and tends to even out potential irregular topography, making the

wafer a planar surface [241]. The polishing procedures are illustrated below:

e Pre-polishing conditioning

Pre-polishing conditioning consisted of a series of actions, where the polishing pad
needed to be thoroughly wetted with DI water for 30 minutes, initially using the
DI water gun to spray DI water onto the polishing pad, and then DI water was
sprayed onto the polishing pad by the peristaltic pump for 10 minutes. The final
step is to flow slurry onto the polishing pad for 5 minutes using the conditioning
head.

e Wafer polishing

After the polishing pad was correctly conditioned, the wafer polishing could take
place. The wafer was stuck onto the wafer carrier and a wafer pressure of 75 g/cm?
was applied on the wafer while polishing. Slurry was then pumped out from the
peristaltic pump. Figure 4.28 shows the polishing process. During polishing the
conditioning pad was up, and the wafer carrier head was down and rotating with
the metal plate at the same time. Polishing was controlled within 10 minutes each
time to achieve a uniform polishing profile. After each polishing, the thickness of
the top SiO2 was measured under the ellipsometry to calculate the polishing rate

and determine the polishing time in the following.

ey

<Rotation

Figure 4.28: Diagram of CMP polishing.

Pressure

e Post polishing and wafer cleaning

After a CMP process, the polishing head and the polishing pad needed to be
cleaned and the slurry dispense nozzle had to be cleaned by DI water to remove
slurry residue left in the tube. Both heads were cleaned with a DI water gun and

the polishing pad was rinsed thoroughly to remove slurry and particles produced
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during polishing. Finally, a lint free wipe was used to wipe the polishing pad,

which was then blow dried by a N9 gun.

The polished wafer was dipped into FNA for 1 minute to remove any particles and

slurry left on the wafer surface and then rinsed in DI water and dried by a Ny gun.

After the wafers were polished and cleaned, next step was to dice the wafer into 15
mm X 20 mm sizes samples and then the diced samples were shipped to the University
of Cambridge for the graphene transfer, patterning and electrodes metallisation. CVD
grown graphene was transferred and patterned by using the same method described

before.

4.4.3 Experimental results and analysis

By using the same characterisation setup and method mentioned before, unfortunately,
due to the high propagation loss of the waveguides, it was not possible to measure
a reliable photocurrent because the optical power entering the device was too small to
measure, where the measured photocurrent was just above the noise floor. The measured
propagation loss of the fabricated waveguides is shown in Figure 4.29. The propagation
loss of the fabricated waveguides without patterned graphene was 168 + 42 dB/cm.
The grating coupler was measured to have a 27 dB loss at the 3.8 pym wavelength after

calculation.
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Figure 4.29: Normalised propagation loss of waveguides on the fabricated sam-
ple.

Compared with the simulated waveguide propagation loss value of 0.5 dB/cm, measured

168 4 42 dB/cm is much higher. In order to investigate the origin of the high propagation
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loss and the high grating coupler loss, a diced sample from the same wafer as the
fabricated waveguide, which did not go through the graphene transferring, patterning
and metallisation processes was chosen for measurement of the propagation loss of the

waveguides using the same characterisation setup.

e Propagation loss measurement of CMP polished waveguides

First, the propagation loss of the waveguide after CMP polishing and normalised

grating loss is shown in Figure 4.30.
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Figure 4.30: Normalised propagation loss of the waveguides after CMP and the
grating coupler loss after CMP polishing.

After the CMP, the propagation loss of the waveguides was 33 + 13 dB/cm, and
grating coupler loss was 20 = 1 dB, which is a huge difference compared to the
sample with transferred graphene indicating that a large part of the loss originated
from the fabrication, such as PECVD deposition or CMP polishing.

Moreover, 33 + 13 dB/cm propagation loss was also very high, and that post-CMP
fabrication also made it much higher. However, as CMP can be only performed on
a wafer scale, the waveguide propagation loss cannot be determined before CMP

polishing to compare the propagation loss values before and after CMP.

e Measurement after removal of the top SiOq

For the purpose of locating which steps contributed to the high loss, the sample
was dipped into buffered HF (7:1) for 1 min to remove the polished CMP SiO,
on top of the sample, and then the propagation loss and the grating coupler loss
were remeasured. Figure 4.31 shows the propagation loss and grating loss after

stripping the SiOs.

It can be seen that the propagation loss decreased from 33 £+ 13 dB/cm to 11 £
2 dB/cm, and the grating coupler loss decreased to 18 £+ 0.5 dB. However, it was
not possible to measure the waveguide and grating coupling losses after etching

the waveguides, and before CMP because the CMP can be performed only on a
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Figure 4.31: Normalised propagation loss of the waveguides and the grating
coupler loss after CMP polishing and stripping polished SiOs.

wafer scale. Thus based on the analysis so far, either the PECVD deposition of
SiOs or the CMP polishing introduced much of the excess loss.

e Measurement after re-depositing 1 pm thick SiO»

In order to distinguish which step contributed more loss, 1 um thick SiOs was
deposited again by PECVD under the same deposition recipe, and the propa-
gation loss of the waveguides and the grating coupler loss was measured again.
Figure 4.32 shows the propagation loss of the waveguides and the grating loss af-
ter re-depositing 1 um SiO2 on the chip after the CMP polished SiO2 had been
removed in buffered HF.
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Figure 4.32: Normalised propagation loss of the waveguides and the grating
coupler loss after re-depositing 1 pm SiO2 on top of the chip.

The waveguides now had 12 + 2 dB/cm propagation loss, while the grating coupler loss

remained relatively unchanged compared to the results without top SiOs, which was 18

4+ 1 dB, it confirmed that the source of the high loss was mainly from the CMP process.
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Figure 4.33 shows a SEM image of the top view of the grating coupler from a fabricated
chip that was sent back from the University of Cambridge. The inset image shows that
an non-uniform SiO2 had been deposited into the subwavelength holes, which might be

the reason the performance of the grating couplers was affected.

Mag= 273K X

NVision 403844

Figure 4.33: SEM image of a grating coupler from a fabricated chip, inset
represents a magnified image of grating coupler holes.

Figure 4.34 shows a SEM image of the cross-section of the waveguides after polishing by
CMP, and the height of the waveguide is only 317 nm, which means that roughly 180
nm Si was removed during the polishing. This is likely the cause of the high loss of the

waveguide.

Simulations were performed for waveguides dimensions based on the SEM images (300
nm height and 1 pm width) with and without graphene predicted losses of more than
730 dB/cm and ~ 8 dB/cm at the 3.8 pm wavelength, respectively. The CMP polished
waveguide loss after stripping the SiOs was 11 + 2 dB/cm, the result matched with the
simulation value, additional losses might come from fabrication issues, such as residuals
left during removing the SiOs during loss investigation that mentioned before. It was
because the optical mode could not be well confined by the waveguide geometry after
CMP polishing. The cross-section of the mode profile of graphene coupled with a CMP
polished waveguide is shown in Figure 4.35. It could be concluded that due to the
non-uniformity of polishing made during the CMP process, the damaged geometry of
the waveguides caused a high waveguide loss, and the non-uniformity SiO2 deposition

caused the low performance of the grating couplers.

It should be also noted that loss could also come from the graphene transfer and pat-
terning process, similar to the ANL case. The chamber contamination in Cambridge

could have contributed to that.
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Figure 4.34: FIB image of the cross-section of the waveguide after CMP polish-
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Figure 4.35: Diagram of the planarised waveguide after CMP process with di-
mensions of 300 nm height and 1 ym width.

Figure 4.36 shows a SEM image of a directional coupler after CMP polishing. A non-
uniform PECVD SiO, deposition could be seen within the coupler gap, which affected
the performance of the directional coupler. The fabrication error caused a large error
in the waveguide propagation loss measurement due to the change of the waveguide
dimensions and the effective indexes which made the results for the direction coupler to

vary and be non-repeatable.

Figure 4.37 shows a Raman spectrum of the transferred graphene on planarised waveg-
uides after all the fabrication processes. G and 2D peaks can be seen in the spectrum,

and a small peak of D peak is also obtained.
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Figure 4.36: SEM image of the directional coupler after CMP.
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Figure 4.37: The Raman shifts of graphene on planarised silicon waveguides
after transfer, patterning and metallisation processes.

4.5 Summary

This chapter describes the mid-infrared waveguides coupled with graphene. There are
three stages of investigating the performance of mid-infrared waveguides with graphene:
the preliminary stage that was carried out within the University of Southampton, whereas

the other two stages were external collaborations.

In the preliminary stage, fabrication processes of graphene transferring and patterning
processes were demonstrated. The graphene coupled silicon strip waveguides showed
the propagation losses of 380 £+ 30 dB/cm across 3715-3880 nm wavelength region. The

residual problem was noticed after graphene transfer and patterning processes.

The second stage was a collaboration with a commercial company Applied Nanolayers.
The geometry of the waveguide was modified to a 450 nm height rib waveguide instead
of a fully etched 500 nm height strip waveguide and with a 90 nm thick SiO2 top

cladding, the reason for introducing the top cladding was that graphene can be optical
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seen under an optical microscope when graphene is placed on top of the 90 nm thick
SiOs. The propagation loss of the graphene/silicon rib waveguides with top cladding
was about 150 dB/cm at 3.8 um wavelength, which was close to the simulation value.
However, the propagation loss itself was high which might came from the roughness and
contamination created during fabrication. Moreover, based on the Raman spectrum, not
only G and 2D peaks appeared, but also defect peaks can be noticed; this indicated that
the transferring graphene on top of the non-planar geometry would break the graphene

thus a fully planarised device geometry was performed in the next stage.

The third stage was a collaboration with the University of Cambridge. In order to
prevent the graphene from breaking during fabrication, a planarised waveguide was de-
signed with 20 nm CMP polished SiOy above the strip waveguide with 1 pm width
and 500 nm height. Moreover, directional coupler was introduced for the purpose of
improving the optical alignment. However, the propagation loss of the waveguide was
very high and the performance of the directional couplers was unreliable. After a series
of investigations, it was revealed that high loss was created from the uneven PECVD
deposition and non-uniform CMP polishing profiles, but graphene transfer could have
also contributed significantly. In order to reduce the high propagation loss during fab-
rication in the future, TEOS deposition is considered as it can perform a uniform SiO9
deposition profile. For CMP polishing, adding dummy features to the mask design in
order to create a more uniform density distribution surface can improve the polishing

result.

The next chapter describes the design, fabrication and characterisation in terms of the
graphene mid-infrared photodetectors based on graphene coupled with silicon waveg-

uides from the stage two and three.






Chapter 5

Graphene mid-infrared

photodetectors

5.1 Introduction

In this chapter, design, fabrication and measurement of waveguide integrated graphene
MIR photodetectors are presented. Two different fabrication routes are demonstrated:

graphene deposition on 3D structures and deposition on planarised surfaces.

5.2 Rib waveguide based graphene MIR photodetector

Following on from the previous chapter where graphene integration with MIR waveguides
was presented, this section describes the design, fabrication and characterisation of the
graphene MIR photodetector based on the SOI rib waveguides with 90 nm SiOs top
cladding.

5.2.1 Photodetector design and fabrication

Asymmetrical electrodes were designed on the two sides of the waveguide. Figure 5.1
shows the GDS of the graphene photodetectors, where the graphene was placed and
patterned on top of the 90 nm thick PECVD SiO, layer and electrodes were deposited
on top of the graphene directly with separation of 3.5 um and 5 pm. The grating couplers

remained the same as those used previously.

Fabrication of the waveguide layer of the device was carried out as described in Chapter
3. Figure 5.2 shows the cross-section of the graphene photodetector with the same

metal-graphene-metal configuration as in Figure 5.1.

T
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Figure 5.1: Design of the graphene photodetector, inset is the asymmetrical
electrodes configuration.

Graphene\

Figure 5.2: Schematic of the cross-section of SOI rib waveguide integrated
graphene MIR detector.

Graphene transfer and pattern processes have been shown in Figure 4.3. The electrodes
were fabricated by using the “lift-off” process, which is a widely used method for pat-
terning structures on a target substrate surface. The“lift-off” process used in this project

is described below and a diagram of the “lift-off” process is shown in Figure 5.3.

e Sample preparation

Before the sample was written by e-beam lithography, it was put in an oven at
210°C for at least 30 minutes before spinning to remove the moisture on top of the

sample.

e Resist spinning
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The first layer of photoresist (MMA) was spun on top of the sample surface at
2000 rpm for 30 seconds and then baked on the hotplate at 150°C for 1 minute
and 15 seconds. After the sample was cool down to room temperature, the second
layer of photoresist (PMMA) was spun at 6000 rpm for 30 seconds, and baked at
180°C for 1 minute and 15 seconds. After that Espacer was spun on top of the

sample surface to improve the conductivity of the sample.

e E-beam lithography and sample development

After the sample was written in the e-beam lithography tool, the next step was
to develop it. The developer was made from a 1:1 mixture of IPA and MIBK and
the development time was 1 minutes. The developer was washed away by dipping
the sample in the TPA for 30 seconds and then blow drying it with the Nj.

e Metal deposition and resist removal

E-beam evaporator was used to deposit a uniform metal layer on the entire sample
surface. Since the target material was deposited in the patterned area, the rest of
the photoresist was washed out together with the metal deposited on top of the
non-target areas, while the metal that was deposited in the target areas stayed.
A stack of 10 nm Ti and 100 nm Au was chosen for the electrodes, where the 10
nm Ti acted as an adhesion layer between the planarised chip surface and Au. Au

was chosen due to its excellent resistance to corrosion and oxidation among other

metals.
(a) Substrate preparation (b) Resist spinning and bake (c) E-beam lithography
MMA
(d) Resist development (e) Metal deposition (f) Resist removal

Ti/Au

T, I

E—

Figure 5.3: Diagram of the “lift-off” process.
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5.2.2 Characterisation

In terms of optical measurements, the same equipment and experimental methods that
have been described in Chapter 3 were used for the characterisation of the fabricated
samples. Additional equipment was needed for the purpose of characterising the perfor-
mance of the designed detectors by the application of a DC electrical signal for measuring
the generated photocurrent. For DC measurements, two signal DC probes (Cascade Mi-
crotech) were applied to contact the electrodes. Each probe was held by one 3-axis stage
at its base, which enabled accurate positioning. Figure 5.4 shows a schematic of how the
optical fibres and electrical probes were aligned on the sample, where optical fibres were
placed on the input and output grating couplers and electrical probes were on sides of

the waveguides.

Fibre coating

Fibre coating

DC probe

Figure 5.4: Schematic of used optical fibres and electrical probes to test the
detector.

A vacuum pump (not shown Figure 5.4 ) was used and was connected to the sample
stage which provided a vacuum force to the sample to prevent movement of the sample
when lowering the electrical probes, that would otherwise affect the optical alignment.
Furthermore, the probes were always lowered to make firm contact with the electrode

pads on the sample before optical alignment.

For the DC measurement, the bias voltage was applied to the two electrodes. The gener-
ated photocurrent was measured by a picoammeter (Keithley 6487). The picoammeter
was connected by a GPIB cable to the PC that also controlled the QCL laser controller
and the lock-in amplifier, and a Python program was written for simultaneously con-
trolling all equipment and experimental data being recorded automatically. Figure 5.5

shows a diagram of the setup.
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Figure 5.5: The diagram of DC measurement setup.

5.3 Experimental results and analysis

This section presents the results of the photocurrent measurements and of additional
optical measurements that were required to calculate the input power to the detector,
so that the photoresponsivity of the waveguide integrated graphene MIR photodetector

at 3.8 pm wavelength could be calculated.

Both photodetectors used only supported reading out a relative optical transmission
and could not read out the real power that came out of the graphene photodetector
directly, therefore, before calculating the photoresponsivity of graphene photodetectors,
loss measurements of all passive components including input and output fibres’ losses
were needed in order to calculate the actual optical power that goes into the graphene
photodetector. A series of measurements for calculating the loss of each passive compo-

nent and losses of coupling fibres were carried out.

e Input and output fibre loss measurement

As shown in Figure 5.5, after light was coupled into the ZnSe lens, Fibre; and the
input fibre (MIR Fibre;,) were connected through a fibre connector (ThorLabs,
ADASTB2 [242]). A portable power meter [243] was used to read out the power
reading from the end side of Fibre;, where the patch cables of Fibre; was connected
to the sensor of the power meter. All the data was recorded by Python code
that communicated between the PC and the power meter through a USB cable.
The power meter measured the whole spectrum from 3715 nm to 3880 nm and

each reading recorded was the mean value of 50 measurements at each wavelength
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point. This method was kept the same for other measurements. Figure 5.6 shows

a diagram of this step.

GPIB BUS
PC
Chopper
controller
- Mirror \% T MIR laser
| | Lock-in |
amplifier I
Chopper
: wheel
Power Fibre, ____) Half-wave
meter ? plate
7nSe Mirror

lens Alignment 1

Figure 5.6: The diagram of measuring optical power at the end of Fibre;

Once the optical power at the end of Fibre; was known, the power meter sensor was

placed beneath the input fibre to calculate the loss of the input fibre, and multiple

measurements were carried out. Figure 5.7 shows the measurement setup. Thus

after measuring the optical power at the end of Fibre;, the loss of the input fibre

could be calculated.

In terms of the output fibre, the same method has been

applied. After calculation, each fibre had a 1.5 dB loss.

e Optical filter performance characterisation

The power meter and both MIR detectors (VIGO and InfraRed) had their limita-

tions, such as that the power meter could directly read out the optical power but

had a high noise floor (~ 0.2 mW), whereas the MIR detectors were much more

sensitive, but had maximum input power that were below the power meter noise

floor. Thus two optical neutral density filters were used during measurement to

filter out some optical power and reduce the power level to the range where the
MIR detectors could work. Two spectral filters were labelled as NDIR03A and
NDIR20A [244] (3dB and 20 dB attenuation respectively) which could be screwed
together to make a 23 dB filter.

within the cavity between the two filters, the real performance of the filter needed

However, because there were back reflections

to be tested. Figure 5.8 shows the diagram of the filter performance measurement.

First, the optical power was reduced by slightly misaligning the coupling between

the laser and the ZnSe lens, and then applying the filter in front of the ZnSe lens

and repeating the same scan, thus the performance of the filter can be calculated
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Figure 5.7: Schematic of the setup used for measuring the optical power at the
end of the input fibre, for the purpose of calculating the input fibre loss.
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Figure 5.8: The diagram of measuring the filter performance, (a) measurement
without filter, (b) measurement with filter.

based on the two measurements. Both measurements were connected by the GPIB
bus and automatically recorded by the LabView program in the same way as the

propagation loss measurement.

e The conversion between VIGO detector and power meter

With the filter applied, and the out-port of Fibre; connected to the VIGO detector,
the third alignment was needed to make sure that the VIGO detector reached its
peak value, and then switched the out-port of Fibre; to the sensor of the power
meter and removed the 23 dB filter. Combining these two sets of data with the
performance of the filter, the conversion between the transmission and optical

power can be calculated. Figure 5.9 (a) shows schematic of the measurement
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using the VIGO detector with the filter, and Figure 5.9 (b) represents a schematic

of applying the power meter to record the real optical power.

GPIB BUS GPIBBUS

PC

Chopper

Chopper
controller controller
Lock-in Mirror —.,,,% Lock-i .
. - MIR laser ock-1n Mirror % i
amplifier | "v amplifier MIR laser

1
1
' Chopper Chopper
Fibre | wheel ! wheel
VIGO _'z_E_ - Half Power Fibre, |
detector 1 af-wave meter @ T K Half-wave
plate
Mirror 4
ZnSe

ane plate
(@) lens  23d8 (b)
A Alignment 3 lens
filter

Mirror

Alighment 3

Figure 5.9: Schematics of measuring the relationship between readings of the
VIGO detector and the optical powermeter, (a) using VIGO detector with the
filter, and (b) applying power meter to record the real optical power.

e The relationship between the VIGO detector and the InfraRed detector
VIGO detector has a larger bandwidth (> 400 MHz) while the InfraRed detector

has a higher detectivity, thus InfraRed was used to measure the photocurrent.
Once the relationship between the VIGO detector and optical powermeter was
known, it was possible to find out the relation between readings from the InfraRed

detector and the optical powermeter.

Figure 5.10 (a) shows that first the screws on both mirrors were tuned to let the
lock-in amplifier shows a peak value, and then Figure 5.10 (b) with the same
alignment the outport of Fibre; was switched from the InfraRed detector to the
VIGO detector and another scan was recorded. Based on the data measured from
these steps and the relation between the VIGO detector and the powermeter, the
final relation between the InfraRed detector and the optical power value could be

calculated.

Following all the measurements described above, Figure 5.11 shows the sensitivity of the
InfraRed detector, showing the reading recorded from the lock-in amplifier versus the
real optical power goes into the InfraRed detector. For example, at 3800 nm, 1.5 mV
reading from the lock-in amplifier represents 1 nW of optical power coupled into the
InfraRed detector.
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Figure 5.10: Schematics of measuring relation between readings of the VIGO
and InfraRed detectors.
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Figure 5.11: The sensitivity of the InfraRed detector.
5.3.1 Experimental results
The photocurrent is shown in Figure 5.12 as a function of increased optical power that

was coupled into the graphene photodetector. The gradient of the linear fitting gives
the photoresponsivity of the device at 3.8 ym under -1 V bias voltage of 2.2 mA /W.
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Figure 5.12: Photocurrent as a function of increased optical power that was

coupled into the detector.

Figure 5.13 shows the normalised photoresponsivity versus bias voltage of the graphene

photodetector at 3.8 um wavelength. It can be seen that the trend is linear for the input

optical power used.
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Figure 5.13: Photocurrent versus bias voltage applied to the graphene photode-

tector.

Figure 5.14 shows the dark current versus DC voltage of the same device. The dark

current and bias voltage shows a linear relationship, where at -1 V the dark current was

around -13 pA.

Figure 5.15 shows a SEM image of the cross-section of the graphene MIR photodetec-

tor, where a 571 nm height waveguide with 3.7 ym and 1.5 um electrodes separation

confirmed the success of the fabrication.

The signal was just above dark current because of high waveguide loss, which reduced

the performance of the device. Compared with another waveguide integrated graphene
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Figure 5.14: Diagram of dark current versus bias voltage.
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Figure 5.15: SEM image of the cross-section of the metal-graphene-metal junc-
tion.

photodetector, a higher extrinsic responsivity of 16 mA /W with 41 GHz bandwidth at
1550 nm wavelength was published in [195], instead of using SiO2, 25 nm thick hydrogen

silsesquioxane (HSQ) was coated on top of the waveguide.

Apart from the high waveguide loss, another contribution to low responsivity was the
3D rib structure where graphene was transferred onto and after a series of plasma etch-
ing and metallisation processes, graphene sheets showed defects from in Raman spec-
trum. Therefore, creating a flat surface for graphene transfer could reduce defects of
the graphene during fabrication. A planarised silicon waveguide integrated graphene

photodetector is described in the following section.
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5.4 Planarised Si waveguide integrated graphene photode-

tector

As the 3D structure created potential damage of graphene during patterning, a pla-
narised surface was designed with advantage of maintaining graphene without breaking

during fabrication and enhancing the graphene-light interaction.

This part of the work was a collaboration with the University of Cambridge, where all
the passive work has been done in the University of Southampton by myself, and the
graphene transfer, pattern and metallisation procedures were carried out by Dr Junjia
Wang at Cambridge based on my design. After the samples were fabricated, all the

characterisations were carried out by myself at the University of Southampton.

5.4.1 Design and fabrication

Figure 5.16 (a) shows the design file of one graphene photodetector with an asymmetrical
electrodes configuration as in the previous design. Figure 5.16 (b) shows the dimensions

of asymmetrical electrodes.

Graphene

Waveguide

(a) (b)

Figure 5.16: (a) Diagram of the design of the graphene MIR photodetector; (b)
shows the dimension of asymmetrical electrodes.

Figure 5.17 shows the cross-section of a graphene MIR photodetector with the same
asymmetrical electrodes design and a planar 20 nm thick SiOy top layer made by using
the chemical mechanical polishing. Dr Junjia Wang performed the metallisation by using

the “lift-off” process based on my design.
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Figure 5.17: Diagram of a cross-section of a strip waveguide integrated graphene
MIR photodetector.

5.5 Coupling light from the out of plane direction

By using the same characterisation setup and method mentioned before, unfortunately,
due to the high propagation loss of the waveguides of ~ 170 dB/cm (see Chapter 4
section 4.4.3), it was not possible to measure a reliable photocurrent as the laser power
coupled into the device was too small to measure, and the measured photocurrent was

just above the noise floor.

Figure 5.18 shows an SEM image of the cross-section of the graphene MIR, photodetector,
where a flat surface can be seen beneath the deposited electrodes with thickness of 106

nm. The waveguide width is ~ 1 pm.

Figure 5.18: SEM image of the cross-section of the metal-graphene-metal junc-
tion.

Since the high waveguide propagation loss and grating coupling loss made it hard to

measure a reliable photocurrent, instead of using the grating coupling method, the input
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fibre was placed above the graphene photodetector, to verify its functioning. Figure 5.19
sketches the measurement configuration, where the input fibre has been placed above a
metal-graphene-metal channel with the same DC probes placed on the electrodes. The
fibre remained the same fibre angle when calibrating the optical transmission with the

optical power measurement.

DC probe

Figure 5.19: Schematic the characterisation configuration.

Instead of using the picoammeter as a voltage source and measuring the currents across
two electrodes, the current source mode was used instead and the voltage was measured.
The reason was that the built-in resistor of the picoammeter was similar to the resistance
of the metal-graphene-metal transistor (few k), thus by using a current source, it was
the parallel connection instead of cascade connection, where the measurement was more
accurate. The voltage was measured by the lock-in amplifier. Figure 5.20 shows the
equivalent circuit diagram of the parallel connection. The built-in resistance of the lock-
in amplifier was up to mega ohms thus the voltage across the graphene MIR detector
could be measured. The measurement setup remained the same as for all the other

measurements, except that the output fibre and detectors were not used.

Figure 5.21 shows the voltage measured by the lock-in amplifier with respect to the
measuring points, where the laser was turned on and off every 25 points, the time
difference between measuring points was 1 second. The current applied on the metal-

graphene-metal channel was 1 pA.

The red points were measured with the picoameter current source switched off, whereas
the blue points with the 1 pA current. It can be seen clearly that the voltage increases
when the laser light is on (blue points). Moreover, without applying a current the change
of the measured voltage was smaller than with the current source. It can be concluded
that without applying the current source, the photodetection mechanism of the graphene
mid-infrared photodetector is the photo-thermoelectric effect, a temperature gradient

was created at the graphene-metal junctions.
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Figure 5.20: Equivalent circuit of using picoameter as a current source, and
measuring the voltage across the graphene MIR photodetector using a lock-in
amplifier.
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Figure 5.21: Measured voltages across the electrodes when input fibre was placed
on top of the detector.

When the current source is applied between the metal-graphene-metal junction, the pho-

todetection mechanism was the combination of the photo-thermoelectric effect and the

photovoltaic effect. The current applied at the metal-graphene-metal junction enhances

the separation of photocarriers.

The signal to noise ratios between the measurements with and the without current

source were 10 dB and 5 dB, respectively. Under the same position, measurements of

the voltage readings from the lock-in amplifier with the laser on and off were measured

and plotted in Figure 5.22 with increasing QCL laser currents with the 1 A current

applied. It also confirmed that photovoltage was produced when the laser was switched

on under the normal incidence when applying the current source.
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Figure 5.22: Measured voltage across the electrodes with respect to the increas-
ing QCL laser currents, with a 1 pA current applied through the detector.

With this measurement configuration, the graphene MIR photodetector voltage was
measured at different chopper frequencies as shown in Figure 5.23. Two frequency ranges
were tested, one was ranging from 20-1000 Hz (a) and the other one was from 1000 Hz
to 10KHz (b), which was the highest frequency that the chopper could reach. From
the measured spectra, under different input frequencies, the voltages measured from
graphene-metal-graphene channel remained flat. Two frequency ranges were measured

due to the difference positions of the same chopper blade.

It can be seen that there were noise signals at the beginning of each measurement, and
with the increase of the frequency the response of the graphene photodetector remained
constant. Since 10 KHz was the maximum frequency that chopper could reach, it was
not possible to test the bandwidth of the graphene photodetector. But it showed the
possibility of wide bandwidth of this graphene mid-infrared photodetectors. From the
literature, graphene photodetectors were promising to operate at a high frequency, such
as a 40 GHz bandwidth graphene detector presented [145].

Based on the measured power at the end of the input fibre end, an estimated photo-
responsivity for the light coupling on top scenario can be calculated. Figure 5.24 shows

the diagram when the fibre was placed above the graphene photodetector with an angle
of 15°.

The distance between two electrodes were only 2 pm, whereas the diameter of the core
of the input fibre was 9 pm [218]. After light came out of the end of the input fibre,
only part of the light could be absorbed by the graphene layer.

It was necessary to know how much of the light went into the graphene detector in
the configuration of light is coupled from the out-of-plane direction. Thus, Lumerical

Finite Different Time Domain (FDTD) solution was adopted to simulate how much of
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Figure 5.23: Measured voltages cross the electrodes in respect to increasing
chopper frequencies under 1 A current source; red curve represented noise and
blue curve values obtained when the laser was turned on.
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Figure 5.24: Input fibre was coupling light above the graphene detector.

the light went into the graphene photodetector. Lumerical FDTD solution uses a fully

3D Maxwell equations to solve models with complex configurations.

Figure 5.25 shows the simulation configuration, which is the side view of the experimental
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setup. The blue block in the image is the optical fibre with 9 um core and 150 pum coating.
The optical fibre is placed on top of the chip. The orange mesh is the simulation region,
and a 2 pm wide monitor represents the metal-graphene-metal junction of the detector.
The position of the monitor will be swept across the simulation region to maximise the
amount of light through the junction. Based on the simulation, a maximum of 25% of

transmitted light could go through the 2 um wide monitor at a wavelength of the 3.8
pm.

Fibre core
_Fibre coating ————=

Simulation:region

Light coupled:in / i

Monitor
Metdl-graphene-metal junction

Figure 5.25: Simulation configuration for monitoring how much light went into
the 2 pm wide monitor from the end of the fibre.

Based on the simulation, a maximum 25% of the power from the fibre went into the
graphene photodetector, the calculated photoresponsivity was plotted in Figure 5.26.
The responsivity was 0.64 mV /W based on the simulated power that was coupled into
the graphene photodetector. Since only 2.3% of the incident light can be absorbed by
monolayer graphene, if all the absorbed light could generate photocarriers, the internal

quantum responsivity of the graphene photodetector could be up to 28 mV /W [145].

Similar work was reported on a mid-infrared graphene detector with less than 2 mV /W
responsivity at 4.45 um wavelength for out-of-plane coupling. However, the responsivity
of the same device design with the metallic antenna could go up to 0.4 V/W [245]. It was
shown that the use of metallic antennas could enhance in terms of the optical absorp-
tion and photocarrier collection efficiency in graphene photodetectors up to 200 times
compared to devices without antennas. The photoresponse of the graphene photodetec-
tor is limited because only 2.3% of light can be absorbed under normal incidence. The
external photoresponsivity can also be improved by optimising the interaction between

the light and graphene.
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Figure 5.26: Diagram of input fibre was coupling light above the graphene
detector with the simulated power went into the graphene detector.

5.6 Characterisation at 7.6 um setup

The planarised silicon waveguide integrated graphene mid-infrared photodetectors were
also characterised on the 7.6 ym setup due to 7.6 pm being close to the finger print
region for remote sensing applications. The source was a quantum cascade laser from
Thorlabs [246]. The fibre used was made from AsSe glass with a 11 pm diameter core
[247].

Figure 5.27 shows the voltage measured by the lock-in amplifier in respect to the mea-
suring points and each point was averaged from 100 measurements, where the laser was
turned on and off every 25 points. The current applied on the metal-graphene-metal
channel and had 1 pA.

The signal to noise ratios between the measurements with and without the current source
were 6 dB and 3 dB, respectively. Compared with the results obtained at the wavelength
of 3.8 um, results obtained at the 7.6 ym had higher noise, which was due to less optical
power being coupled into the optical fibre. Figure 5.28 shows the laser current with

respect to the voltages reading from the lock-in amplifier.

When the laser was switched on, the spectrum obtained was due to the working function
of the laser, i.e. during the laser current increase the wavelength changed at the same
time. Another reason that caused this shape of the spectrum could be the reflection

between the fibre facet and the chip surface.

Under the same position, measurements of the voltage readings from the lock-in amplifier

with the laser on and off were performed. Due to the spectrum from Figure 5.28, the
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Figure 5.27: Measured voltages across the electrodes when input fibre was placed

on top of the detector.
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Figure 5.28: Measured voltages across the electrodes with respect to the laser

current at the 7.6 pm wavelength.

relation between the optical power with voltage readings from the lock-in amplifier was
not linear, which could be seen in Figure 5.29.

Due to this relation, an estimation of photoresponsivity was determined based on the
voltage readings obtained from laser on and off instead of the gradient of the increasing
optical power versus lock-in amplifier reading. Simulations similar to those in Figure 5.26
were performed, but this time at the wavelength of 7.6 um, and for fibre core diameter
of 11 pm and fibre cladding diameter of 125 pym. A maximum of 18% of the power
was coupled into the graphene sheet (simulation monitor), thus an estimated external

photoresponsivity of graphene photodetector for the out-of-plane coupling method was
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Figure 5.29: Measured voltage across the electrodes with respect to the increas-
ing QCL laser currents, with a 1 A current applied through the detector.

0.66 mV/W at the 7.6 um wavelength. This was similar to the result at the 3.8 pm
wavelength, thus the graphene photodetector had internal responsivity around 28 mV /W
since only 2.3% of power was absorbed by monolayer graphene. It also reflected the

universal absorption of graphene across wide range of wavelengths.

5.7 Summary

The responsivity of the rib graphene photodetector was 2.2 mA /W at the 3.8 um wave-
length. The high propagation loss of the waveguide limited the performance of the
graphene photodetector, since the measured photocurrent was just above the dark cur-
rent. Moreover, due to the 3D structure of the rib waveguides, graphene could break

during fabrication. Therefore, a planarised device geometry was adopted.

High propagation loss of the waveguide was a result of PECVD, CMP procedures and
graphene transfer. No reliable results were obtained for grating coupling, thus, the
input fibre was placed above the metal-graphene-metal junctions to form an out-of-plane
coupling. Reliable and repeatable results were obtained when using the picoameter as a
current source and the lock-in amplifier as a voltage meter, indicating that the detector
would work if the input waveguide and grating loss were smaller. The photoresponsivity
was 0.64 mV /W based on simulated optical power that was coupled into the graphene
detector from the fibre.
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Both approaches suffered from fabrication issues. Apart from reducing contamination
during fabrication processes, approaches such as introducing metallic antenna, optimis-
ing graphene-light interaction, or adding bias gate can all improve the photoresponsivity

dramatically, which may be included in future designs.



Chapter 6

Conclusions and future work

6.1 Conclusions

Mid-infrared (MIR) group-IV photonics is promising for building photonic integrated
lab-on-a-chip sensors to be used in applications such as remote sensing, biomedical
diagnostics, environmental monitoring and industrial process control. In order to build
the next generation of integrated photonics sensors, both MIR passive and active devices
are needed. SOI platform is widely used for passive devices in the near-IR and it has
the capability to be used in the MIR up to 4 pm. Above 4 pm the SiO2 lower cladding
has high loss.

Photodetectors are one of the key optoelectronic components in any photonic sensing
system. Currently available products are normally made from ITI-V materials which are
expensive and hard to fabricate, especially to integrate them with silicon photonic waveg-
uides. 2-D materials might be able to solve the problem which ITI-V bulk detectors have,
because of their superb optical and electrical properties, but more importantly they can
be fabricated easily with much lower cost compared to III-V materials and they are eas-
ier to integrate with silicon photonics waveguides. Graphene in particular can not only
interact with light over an extremely wide wavelength range but it also shows excellent
conductivity, mechanical strength and compatibility with standard silicon technology,

which makes it a favourable material for photodetection.

Even though graphene benefits from a strong interband transition in the MIR, only
2.3% of the incident light can be absorbed from normal incidence. On the other hand,
when graphene is coupled with silicon waveguides an evanescent field is formed, thus, the
graphene-light interaction length can be extended to maximise the absorption. Photode-
tectors based on graphene have been intensively investigated from fundamental physical

mechanisms to methodologies for improving the photoresponse and a detailed review

99
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of graphene-integrated photodetectors is given in Chapter 2. However, waveguide inte-
grated graphene mid-infrared photodetectors have not previously been demonstrated at

wavelengths above 2.75 pm.

In this project, single mode SOI strip waveguides with 500 nm thickness and 1.3 um
width were presented with 2.5 dB/cm propagation loss at the 3.8 um wavelength, which
is acceptable to be used in the MIR. The low loss mid-infrared waveguides could be
used as the foundation to build graphene mid-infrared integrated photodetectors. The
simulation, fabrication and characterisation of mid-infrared waveguides were presented
in Chapter 3.

Chapter 4 described investigation of the performance of graphene coupled silicon waveg-
uides, which included the graphene transfer procedure, patterning process and charac-
terisation. The investigation had three stages, the first stage was to confirm the success
of the fabrication procedures, and the graphene coupled SOI waveguides had 382 =+
30 dB/cm propagation losses at 3715-3880 nm, the result matched with the simulation
value (315 dB/cm at 3800 nm). A 200 dB/cm graphene absorption on silicon waveg-
uides at 1550 nm was also published [102], the discrepancy could be attributable to the
waveguide geometry, operating wavelength and residuals left after graphene transfer and

patterning processes.

In order to improve the quality of graphene transfer my SOI samples were sent to Applied
Nanolayers (ANL) company who performed the graphene transfer. They also patterned
graphene above the silicon waveguides with a 90 nm thick SiOy top cladding that was
required for better alignment. The propagation loss of graphene coupled with silicon
waveguides with top cladding was about 150 dB at the 3.8 um wavelength. The loss was
lower than in the first stage as there was a 90 nm SiOs cladding decreasing graphene-
optical mode interaction and hence absorption. However, the 3D waveguide geometry
might damage the graphene as indicated by there bring a defect peak from the Raman

spectrum.

Therefore, in the third stage of the investigation, graphene was transferred on top of
silicon waveguides that were planarised using chemical mechanical polishing, for the
purpose of creating a flat surface to transfer the graphene onto, and to avoid breakages
at the waveguide edges. The samples were sent to the Cambridge Graphene Centre at
the University of Cambridge for graphene processing and metallisation. However, due to
fabrication issues, the waveguides were over polished after non-uniform PECVD depo-
sition and further contamination was introduced during the graphene transfer process,
resulting in high waveguide loss and high grating coupling loss. Both the second and
the third stages showed high waveguide losses even without coupling with graphene,

which influenced the performances of the photodetectors that were made from these
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waveguides. This underlines the main issue with graphene fabrication, potential con-
tamination during graphene transfer which can result in high losses of photonic devices.

A potential solution could be a direct CVD growth of graphene on Si or Ge platforms.

Two types of SOI waveguide integrated graphene mid-infrared detectors were presented
in Chapter 5. The first type of the graphene detector was the rib waveguide with 90
nm thick SiOy cladding that had an asymmetric electrode configuration. A 2.2 mA/W
responsivity was obtained under the -1 V bias, which is the longest wavelength demon-
stration to date of waveguide integrated graphene photodetector. Due to a waveguide
loss, the photocurrent was just above the dark current (-13 pA at -1 V bias). The signal
to noise ratio was about 0.3 dB, which made it harder to carry out the measurement
since not enough optical power was absorbed by the graphene. The second design of
the graphene integrated mid-infrared photodetector was based on the planarised silicon
waveguides. Due to CMP polishing and non-uniform PECVD deposition, the geometry
of the waveguides was significantly changed compared to the designed geometry and
additional loss was introduced during the graphene processing and metallisation at the
University of Cambridge, thus no reliable results were obtained when coupling light into
the detectors through the input waveguides. Another issue was that graphene was not
covered with a protective layer after the transfer and it could have degraded throughout
the experimental characterisation in Southampton. However, subsequently, the input
fibre was placed on top of metal-graphene-metal junctions to investigate detection using
an out-of-plane coupling method. By applying a 1A current source on the metal-
graphene-metal junction, a maximum responsivity of 0.64 mV /W was estimated at the
3.8 um wavelength, based on the FDTD simulation of the maximum amount of light
coupled into the metal-graphene-metal junctions. The chip was also characterised from
the normal incidence under the 7.7 ym wavelength setup and a 0.66 mV /W responsivity
was obtained. This is the first demonstration of monolayer graphene photodetector at
this wavelength. It confirmed that graphene is a promising material for photodetection

for even longer wavelengths.

Despite the fabrication issues, SOI waveguide integrated graphene mid-infrared pho-
todetectors have been demonstrated. Results obtained from both types of integrated
graphene photodetectors are lower than the work have been reviewed in the literature.
The highest responsivity has been published in the mid infrared was 0.13 A/W at the
2.75 pm wavelength [172]. A integrated graphene photodetector that was also based
on the metal-graphene-metal junction had a 6.1 mA/W responsivity at the NIR [163].
Compared with performances of commercially available products made from III-V ma-
terials, 2.2 mA /W responsivity from the work presented is low and has a large space
to improve. Since commercial detectors normally need cooling and fabrication can be
complex and expensive, the advantage of the graphene detector is also obvious as it can
work at room temperature and can be relativelyeasily fabricated. On the other hand,

compared to other integrated graphene photodetector work that has been published (in



102 Chapter 6 Conclusions and future work

hundreds of mA /W), the work presented in this thesis has less gap to close compared

to the commercial products.

These results have shown the potential of graphene integrated with silicon waveguides
for building graphene photodetectors based on the evanescent field coupling method if
the fabrication can be improved and losses can be reduced. Higher performances can be
achieved by developing more sophisticated device geometries to enhance graphene/light

interaction by introducing metallic antennas to increase the graphene absorption.

6.2 Future work

From the results obtained in the presented work, the most important tasks are to reduce
the losses from the fabrication and to improve the graphene-light interaction to enhance
the graphene absorption. Many approaches have been described in the literature. If
the graphene integrated mid-infrared photodetector is intended to be used in sensing
applications in the fingerprint range, a new type of waveguide platform is needed, because
the SOI platform can only support up to 4 um. From the literature review, many
group-IV material platforms that could possible be used in the mid-infrared have been
presented. Each platform has its own disadvantages and one of the biggest issues is
the limited transparency windows they have. Among all of the platforms, Ge-on-Si
has the widest transmission range. Moreover, these waveguides can be suspended and
germanium membrane waveguide is a new type of germanium based platform, where
the full transparency window of germanium can be explored, which makes it extremely
useful in the fingerprint region for sensing applications. On the other hand, graphene
can be directly grown onto the germanium surface [248], thus the graphene transfer
process can be avoided, which would simplify the total fabrication flow and potentially

the high losses created during the graphene transfer processes could be avoided.

There is still a long way to go in terms of the large scale and practical applications for
graphene and other 2-D materials. As reviewed before, there are more than four pho-
todetection mechanisms of graphene and other 2-D materials, and further investigations
are required to fully understand the mechanisms dominating in different situations. It is
also necessary to optimise the performance, such as by tailoring the device configuration
or by optimising material engineering. For example, in order to achieve fast response,
the photoelectric effect is the best choice whilst photo-thermoelectric effect and bolo-
metric effects have to be eliminated. For the purpose of increasing the photoresponse
of the device, carefully designed device configurations can increase the overlap between
the graphene and the mode. On the other hand, material engineering should be care-
fully designed in order to maintain the quality of the 2-D materials, because the carrier
mobility and response speed will be decreased if there are damages or defects in 2-D

materials.
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New properties of graphene have been discovered, such as the unique properties of
Dirac plasmons inside graphene [249-252]. This offers a new path in designing high-
performance graphene photodetectors. Plasmons in graphene can lead to an increase of
the response by a factor of 40 and can be tuned by chemical/electrostatic doping [253],

which is important because a strong optical field confinement can be achieved.

The goal of achieving a full suite of group IV integrated photonic circuits involves the
development of several active devices, such as modulators, lasers and photodetectors. It
is worth noticing that graphene and other 2D materials can be integrated into optoelec-
tronic devices other than photodetectors [254, 255, 54]. The idea of coupling graphene
with silicon photonics was first proposed and realised in optical modulators. In one
demonstration of largescale monolayer graphene integration with silicon waveguides the
optical absorption of graphene was modulated by changing the doping level electri-
cally, where a broadband optical modulation across the 1.3-1.6 pm range was presented
[256, 257]. Apart from electrical modulation, photo-absorption of graphene can be tuned
by controlling the transmission optically. An all optical modulation was demonstrated
within a graphene integrated silicon waveguide structure [258]. It is possible to achieve
a more sophisticated modulator by combing silicon waveguides with other carefully de-
signed devices such as ring resonators to enhance the modulation depth of graphene
modulator, which showed a more efficient amplitude modulation by changing the ab-
sorption of graphene [259, 260]. It has also been shown that an electro-optic modulator
can be formed by integrating a graphene/hBN stack with a photonic crystal cavity in
order to enhance the modulation depth [261].

On the other hand, since it is a gapless material, the semimetallic nature of graphene
implies that graphene is not an ideal material to be used as a light source. Fortunately,
the wide range of 2-D materials has more to offer. Using other 2-D materials may fill
the gap of applications, for example monolayer TMDs are semiconductors with direct
bandgaps and exhibit excellent quantum emission properties [262]. Another advantage
of monolayer transition metal dichalcogenides (TMDs) is that their large exciton binding
energy [263], which results in long lifetime excitons that are very promising to be used
as light emission materials. There are demonstrations of laser diodes made from TMDs
integrated with photonic devices such as micro-disk resonators and photonic crystal cav-
ities, which achieved amplified spontaneous emissions [264, 265], and possibly coherent
light sources eventually. Besides, black phosphorus is another semiconductor 2-D ma-
terial with a direct bandgap regardless of the number of layers. It has a wide-range
of tunable bandgap from 0.3 €V in 3D bulk formation to 2 eV in monolayer, which
offers a potential of high light-matter interaction in the mid-infrared range, and it has
been proposed to be implemented into integrated modulator already [266]. Above all,
graphene and 2-D materials integrated with group IV photonics can be used for realising

lab-on-a-chip sensors in the finger print region for remote sensing applications.
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Appendix

A.1 Type (1)Macro files

The code presented in the following is an example showing that a code was used to draw
a set of waveguides with increasing waveguide lengths. This example uses types of files

include: (a) grating couplers, (2) waveguides, (3) tapers.

/oK sk sk ok ok sk ok ok ok ok K K ok ok 3k K ok ok sk 3 ok ok 3 K ok ok sk K K ok ok K ok oK
* Macro Name: InsertionLoss

File Name: InsertionLoss.cpp

* Creator : Z.Qu

* Revision History: vl

*x 19/10/16

3k ok ok K oK ok 3K K ok ok K K K ok ok K ok

#define MACRONAME InsertionLoss

#define MACROSTRING "InsertionLoss"

#include "..\headers\stdHeaders.h" //Include the standard set of headers

#include "..\headers\components.h" //Include the component function files

////////////////// main function ///////////////
void MACRONAME (void)
{

///7/17/7/77//7////Set up layers////////////////
LCell pCell = LCell_GetVisible();

LFile pFile = LCell_GetFile(pCell);

LPoint centre = LPoint_Set(0, 0);
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//Initialize default layers:
layers_CLASS layers;
layers.list = layers.setdefaultlist(pFile);

////// 1. declare all component types, and set all common variables:
//Declare subwavelength grating coupler type:
SW_GC_TYPE SWGC;

SWGC.gratingP = 2 * 1000;

SWGC.direction = -1;

SWGC.lambda = 3760;

SWGC.fx = 0.5;

SWGC.fy = 0.25;

SWGC.LineNum = 10;

SWGC.width = 20;

SWGC.Theta = 12;

//Declare waveguide struct and variables:
WG_TYPE WG;

WG.W = 1.3%1000;

WG.L = 200%1000;

//Declare lhs taper struct and set variables;
Taper_TYPE TAPlhs;

TAPlhs.W1l = WG.W;

TAP1lhs.W2 = 1.3%1000;

TAPlhs.angle=0;

TAPlhs.L = 560%1000;

//Declare output taper struct and set variables;
Taper_TYPE TAPrhs;

TAPrhs.W1l = SWGC.width;

TAPrhs.W2 = 1.3%1000;

TAPrhs.L = TAPlhs.L;

TAPrhs.angle=0;

//Declare graphene box struct and set variables;
WG_TYPE WGgraphene;

WGgraphene.W = 150%1000;//dont change
WGgraphene.L = 500%1000;



Appendix A Appendix 107

////Declare electrodes struct and set variables;
WG_TYPE WGelectrodel;

WGelectrodel.L 400%1000;

WGelectrodel.W 1000%1000;

WGelectrodel.angle = O;

WG_TYPE WGelectrode?2;
WGelectrode2.L = 400%1000;
WGelectrode2.W = 1000%1000;
WGelectrode2.angle =0;

//Declare Bend and set variables
bend_TYPE Bend;

Bend.W = 1.3%1000;

Bend.radius = 50%1000;

/////// 2. Draw waveguides of different lengths

int i;

int n = 10; //Set number of length variations

long offset = 100%1000; //Set offset between adjacent waveguides.
long dL = 200%1000; //Set graphene length difference.

long L1 = 5%1000; // Set offset of distance between two electrodes

for (i=0; i<n; i++)
{
SWGC.InPort.x = centre.x;

SWGC.InPort.y = centre.y + ixoffset;
SWGC.direction = -1;
GC_focus_swg_taper(pCell, layer, SWGC, TAPlhs, SWGC.OutPort);

/* //Draw first input bend

Bend.InPort = SWGC.OutPort;

Bend.start_angle = O;

Bend.end_angle = 90;

bend (pCell, layer[0], Bend, Bend.OutPort); //bend 1 */

WG.InPort = SWGC.OutPort;
WG.angle = 0;
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WG.L = WG.L + ixdL;
waveguide (pCell, layer[0], WG, WG.OutPort);

/* //Draw graphene window:
WG.InPort.x;
WG.InPort.y + 50%1000;

WGgraphene. InPort.x

WGgraphene.InPort.y
WGgraphene.angle = 90;

WGgraphene.L = WGgraphene.L - dL;

waveguide(pCell, layer[1], WGgraphene, WGgraphene.OutPort);

// Draw electrodes

WGelectrodel.InPort.x WG.InPort.x - WGelectrodel.L - 0.5%WG.W;
WGelectrodel.InPort.y = WG.InPort.y + 50%1000 + 0.5% WGgraphene.L;
waveguide (pCell, layer[2], WGelectrodel, WGelectrodel.OutPort);

WGelectrode2.InPort.x WG.InPort.x + 0.5*%WG.W + ixL1;
WG.InPort.y + 50%1000 + 0.5* WGgraphene.L;

waveguide (pCell, layer[2], WGelectrode2, WGelectrode2.OutPort); */

WGelectrode2.InPort.y

//Draw output bend

/* Bend.InPort = WG.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 0;

bend (pCell, layer[0], Bend, Bend.OutPort); //bend 2 */

SWGC.InPort = WG.OutPort;
SWGC.direction = 1;
GC_focus_swg_taper(pCell, layer, SWGC, TAPrhs, SWGC.OutPort);

}//end for

}//end InsertionlLoss (end main)

A.2 Type (2) macro file

The following file is an example of code that draws a photodetection region where con-
tains a directional coupler to split the light into the reference arm and the waveguide
connected to the graphene photodetector, also with the graphene detector with elec-

trodes on the sides.

/*************************
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* Macro Name: DirecCoup_500umPD
File Name: DirecCoup_500umPD.cpp
* Creator : Z.Qu

* Revision History: vl

* 19/10/16

#define MACRONAME DirecCoup_500umPD
#define MACROSTRING "DirecCoup_500umPD"

#include "..\headers\stdHeaders.h" //Include the standard set of headers

#include "..\headers\components.h" //Include the component function files

////11777/////7////// main function //////////////
void MACRONAME(void)
{

//17/1/177////77/7/////Set up layers////////////////
LCell pCell = LCell_GetVisible();

LFile pFile = LCell_GetFile(pCell);

LPoint centre = LPoint_Set(0, 0);

//Initialize default layers:
layers_CLASS layers;
layers.list = layers.setdefaultlist(pFile);

////// 1. declare all component types, and set all common variables:
//Declare subwavelength grating coupler type:
SW_GC_TYPE SWGC;

SWGC.gratingP = 2 * 1000;

SWGC.direction = -1;

SWGC.lambda = 3760;

SWGC.fx = 0.5;

SWGC.fy = 0.25;

SWGC.LineNum = 10;

SWGC.width 20;

SWGC.Theta = 12;

//Declare waveguide struct and variables:
WG_TYPE WG;
WG.W = 1.3%1000;
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WG.L = 1100%1000;

//Declare Directional coupler approach waveguide variables;

WG_TYPE WGDCApproach;
WGDCApproach.W = 1.3%1000;
WGDCApproach.L = 17%1000;

//Declare lhs taper struct and set variables;
Taper_TYPE TAPlhs;

TAPlhs . W1 = WG.W;

TAP1lhs.W2 = 1.3%1000;

TAP1lhs.angle=0;

TAPlhs.L = 560%1000;

//Declare output taper struct and set variables;
Taper_TYPE TAPrhs;

TAPrhs.W1 SWGC.width;

TAPrhs.W2 1.3%1000;

TAPrhs.L = TAPlhs.L;

TAPrhs.angle=0;

//Declare graphene box struct and set variables;
WG_TYPE WGgraphene;

150%1000;//dont change

500%1000;

WGgraphene . W

WGgraphene.L

////Declare electrodes struct and set variables;
WG_TYPE WGelectrodel;

WGelectrodel.L = 400%1000;

WGelectrodel.W = 500%1000;

WGelectrodel.angle = O;

WG_TYPE WGelectrode?2;
WGelectrode2.L 400%1000;
WGelectrode2.W 500%1000;
WGelectrode2.angle =0;

//Declare Bend and set variables
bend_TYPE Bend;
Bend.W = 1.3%x1000;
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Bend.radius = 50%1000;

//Declare directional coupler section
WG_TYPE WGDCoupler;
WGDCoupler.W = 1.3%1000;

/////// 2. Draw waveguides of different lengths

int 1i;

int n = 9; //Set number of length variations

long offset = 900%1000; //Set offset between adjacent waveguides.
long dL = 1000%1000; //Set graphene length difference.

long L1 = 0.5%1000; // Set offset of distance between two electrodes

for (i=0; i<n; i++)

{

SWGC.InPort.x = centre.x;

SWGC.InPort.y = centre.y + ixoffset;

SWGC.direction = -1;

GC_focus_swg_taper(pCell, layer, SWGC, TAPlhs, SWGC.OutPort);

//Draw first input bend

Bend.InPort = SWGC.OutPort;

Bend.start_angle = O;

Bend.end_angle = 270;

bend(pCell, layer[0], Bend, Bend.OutPort); //bend 1

//Draw second input bend

Bend.InPort = Bend.OutPort;

Bend.start_angle = 270;

Bend.end_angle = 0;

bend (pCell, layer[0], Bend, Bend.QutPort); //bend 2

//Draw waveguide DC part with 17um length
WG.InPort.x = Bend.OutPort.x;
WG.InPort.y= Bend.OutPort.y;

WG.L = 17%1000;

WG.angle = 0;

waveguide (pCell, layer[0], WG, WG.OutPort);
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//Draw third input bend

Bend.InPort = WG.OutPort;

Bend.start_angle = O;

Bend.end_angle = 90;

bend (pCell, layer[0], Bend, Bend.QutPort); //bend 3

//Draw waveguide

WG.InPort = Bend.OutPort;

WG.angle = 90;

WG.L = 700%1000;

waveguide (pCell, layer[0], WG, WG.OutPort);

//Draw graphene window:
WG.InPort.x;
WG.InPort.y + 100%1000;

WGgraphene. InPort.x

WGgraphene. InPort.y
WGgraphene.angle = 90;

waveguide (pCell, layer[1], WGgraphene, WGgraphene.OutPort);

// Draw electrodes

WGelectrodel.InPort.x WG.InPort.x - WGelectrodel.L - 0.5*WG.W - 500;
WGelectrodel.InPort.y = WG.InPort.y + 100%¥1000 + 0.5* WGgraphene.L;
waveguide (pCell, layer[2], WGelectrodel, WGelectrodel.OutPort);

WGelectrode2.InPort.x WG.InPort.x + O0.5*%WG.W + i*L1 + 500;
WGelectrode2.InPort.y = WG.InPort.y + 100%1000 + 0.5% WGgraphene.L;
waveguide (pCell, layer[2], WGelectrode2, WGelectrode2.OutPort);

//Draw output bend

Bend.InPort = WG.OutPort;

Bend.start_angle = 90;

Bend.end_angle = 0;

bend (pCell, layer[0], Bend, Bend.OutPort); //bend 2

SWGC.InPort = Bend.OutPort;
SWGC.direction = 1;
GC_focus_swg_taper(pCell, layer, SWGC, TAPrhs, SWGC.OutPort);

//Draw Subwavelength grating at the input side of DC coupler
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SWGC.InPort.x = centre.x; //

SWGC.InPort.y = centre.y - 101.7%1000 + ixoffset;
SWGC.direction = -1;

GC_focus_swg_taper(pCell, layer, SWGC, TAPrhs, SWGC.OutPort);

//Draw directional coupler
WGDCoupler.InPort.x = SWGC.OutPort.x;
WGDCoupler.InPort.y = SWGC.OutPort.y;

WGDCoupler.angle = O;
WGDCoupler.L = 200%1000;
waveguide(pCell, layer[0], WGDCoupler, WGDCoupler.OutPort);

//Draw Subwavelength grating at the output side of DC coupler
SWGC.InPort = WGDCoupler.OutPort;

SWGC.direction = 1;

GC_focus_swg_taper(pCell, layer, SWGC, TAPrhs, SWGC.OutPort);

}//end for

}//end DirecCoup_500umPD (end main)
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