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Doctor of Philosophy

MIR Photodetection Using Intrinsic Monolithic Integrated Germanium Photodiodes

by Lauren Reid

Silicon (Si) photonics as a field is about photonic integrated circuits (PIC) using group IV
materials as a substrate, mainly Si. Creating PICs from Si allows circuitry to be small and
inexpensive; enabled by the use of mature fabrication techniques, existing recipes and
foundries. The small size of PICs is useful for applications such as free-space
telecommunication and chemical sensing where many devices are needed or are made as
consumables. An infrared photodetector that is responsive in the 3-4 ym is needed to
create PICs for these applications (1). To keep the cost low, a detector should be
monolithically grown or deposited on Si. Si defect mediated detectors have been shown to
be responsive, up to wavelengths of 2.5 ym (2), and able to operate at high speeds (up to 35
GHz) (3), but have not yet demonstrated a spectral response in the 3-4 ym region. Defect
mediated germanium (Ge) detectors are potential candidates for detecting 3-4 um light. Ge
can be epitaxially grown on Si and using it for defect mediated absorption currently is
relatively unexplored.

In this thesis, Ge PIN photodiodes were created and implanted with boron ions to create
defects within a rib waveguide. The responsivity versus the length of the photodiode
implanted with defeccts was investigated, at fluences of 1x10'?, 1x10'2 and 1x10'*
ions/cm?, using no reverse bias. These measurements showed that the boron implantation
had a negative effect on the responsivity, although, the unimplanted detectors had an
unexpectedly high responsivity of approximately 0.1 A/W. This prompted investigation
into the responsivity with an increasing reverse bias using 2 ym and 3.8 ym light, which
resulted in a maximum responsivity of 1.04 A/W at -10 V using 2 ym light and 0.1 A/W at
-7 V using 3.8 ym light at room temperature. A 12.5 Gb/s pseudorandom pattern was used
to modulate 2 ym light, the detection of this light resulted in an open eye diagram.
Measurements were performed to find the photodetection method, the linearity of the
devices suggested that there was no two photon absorption, there was minimal difference
in transmission between waveguides and photodiodes suggesting that photoactive defects
were not created in the PIN junction formation. Finally, Raman spectroscopy was
performed and found a 0.22 % strain which may be responsible for most of the absorption
at 2 ym. The absorption at 3.8 ym may be caused from threading dislocations at the Ge Si
boundary as similar wafers showed a high density of defects at the boundary. These
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results show Ge-on-SOI as a practical detection material in an extended wavelength range.

More research is needed to understand the source of infrared absorption.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Silicon Photonics

All facets of our lives are becoming increasingly reliant on creating more computing power
in order to drive the internet of things, produce higher quality movies, and design more
complex video games. To increase available computing power, we look to computer chips.
Within a computer chip there are billions of transistors made from silicon, which are
electrical switches responsible for performing calculations. Moore’s law predicted that the
density of transistors would increase every two years, although with transistor sizes
reaching 3 nm in size, there is not room to keep shrinking them when the size of a silicon

atom is 0.2 nm.

As the density of transistors increases, the interconnects that allow communication across
the chip also become more dense and compact. The shrinking of interconnects introduces
parasitic capacitance that increases the delay of communication across the chip. Eventually
this delay becomes comparable to the computing speed of the transistors and the
interconnects become the limiting factor in processing speed. This problem is known as the
interconnect bottleneck. Silicon photonics as a field aims to solve this by introducing
nanoscale, integrated photonic circuitry as interconnects, using light rather than electricity

as a medium for information as it avoids the problem of parasitic capacitance (4).

Photonic circuits are made up of waveguides, light sources, modulators and
photodetectors which are analogous to electronic wires, batteries, transistors and
ammeters. An example of a photonic circuit is shown below in Figure 1.1.

Silicon photonics is an especially powerful and efficient solution to the bottleneck problem,
because as the name suggests, it can be created on the same platform (i.e., silicon) as the

electrical circuitry, as well as using the same fabrication techniques. By making use of
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Functionalization layer ietattams

Waveguides . s
\ - Detector
— ——

—_’/g__ / spacer layer

Light
source

Resonator
Sensors

Silicon substrate
with read-out
circuitry

FIGURE 1.1: Illustration of a sensing circuit. The image shows how a series of components
like waveguides, light sources and detectors can be put together to create a functional cir-
cuit (5).

foundries and mature techniques already used for fabrication of integrated electronic

circuits, inexpensive photonic integrated circuits (PICs) can be realised.

By creating PICs, the properties of light can be capitalised on for other applications to
provide cheaper, smaller solutions. Currently silicon photonics has a wealth of devices and
components that are optimised to operate at the telecommunication wavelength bands
between 1310 - 1550 nm, where successful interconnects have already been commercialised
(6). However, by extending the wavelength that the components can operate in further
into the infrared, new innovations can be applied to applications that could only be
uniquely solved by silicon photonics, like LIDAR, environmental /health /security sensing,

freespace telecommunication and more.

1.1.2 Sensing

While in the 1550 nm region PICs can be used to help increase the speed of information
transfer the Mid-Infrared (MIR) wavelength region, quoted here as 2 - 16 ym, can be used
to identify molecules. As chemical compounds have absorption spectra that are unique
and identifiable within this region, see Figure 1.2. The process of this spectroscopy is

known as sensing.

In response to the concern of global warming, gas detection and monitoring is needed and
in volume. By creating MIR circuits on chip, chemical sensing can be performed through
absorption spectroscopy. Creating sensing circuits on a silicon platform hopes to provide
fast, real time detection that is inexpensive and of a small footprint, allowing for more

monitoring to take place.
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FIGURE 1.2: An example of absorption spectra across the MIR. The absorption peaks of
some chemicals can be seen. (7).

Sensing circuits on chip require a MIR light source and can operate by splitting the light
down two arms, one where the evanescent field of the light interacts with the chemical,
gas, protein or molecule of interest on the top surface of the waveguide and one where it
does not; the light at the end of each path is measured and compared to look for
absorption at the peak corresponding to the chemical of interest. An example of a sensing
circuit is shown in Figure 1.1.

1.1.3 Free-Space Telecommunication

With the increasing number of technology connected through the internet of things, higher
quality video and games being downloaded on mobile devices, more wireless internet
bandwidth is needed. Cisco calculates by 2023 that there will be 1.6 networked devices and
connections per person globally, up from 1.2 in 2018 (8). Future wireless network upgrades
will require light communications, ideally using all parts of the visible and invisible
spectrum, as there are several trade offs when it comes to the choice of the light
wavelength. For example, visible and Near-Infrared (NIR) communications are readily
available, but do not operate in the eye safe region (limiting powers that could be used)
and are sensitive to weather (fog, rain). The possibility of using MIR light for wireless
communications is under investigation. MIR is a prime candidate for several factors: the
earth’s atmosphere has low attenuation in 3.8 ym, 5 ym and 10 ym MIR spectral regions,
see Figure 1.3; MIR is eyesafe even at high powers; and it is not as weather sensitive as
visible/NIR (9).

A large number of transmitters and receivers will be needed to implement MIR
communications, as MIR light is easily blocked by trees and walls. Therefore, they need to
be small and low-cost. This is where PICs can be a solution.



4 Chapter 1. Introduction

1
)]
[&]
C
8
£05
g H,0
|_

0 I iy Al >

1.3 T4.7 6.4 8.1 IQ.S 11.5 13.2 '[
(610 Wavelength [um]
HO H0 0, 0,&CQ, H,0&CO,

Absorbing Molecules

FIGURE 1.3: Diagram of the infrared atmospheric window. Showing areas of high trans-
mission and chemicals responsible for regions of low transmission (10).

1.1.4 Solution

If a PIC device is to be a solution for both sensing and free-space telecommunication, a
small, inexpensive form of MIR photodetection is needed. Integrated detection in the MIR
is made on different material platforms depending on the needs of application because of
the different strengths and weaknesses of each platform. Materials such as graphene and
devices like bolometers are potentially useful for their broadband operation, although
when using graphene the fabrication can be more difficult because of the need for manual
exfoliation and the signal from bolometers is small and requires amplification. Materials
such as III-V and black phosphorus can operate in the 3-4 ym region and have a high
responsivity in the 0.1 A/W range but again require extra fabrication steps such as flip
chip bonding (11) (12). Group IV materials such as Ge/Sn alloys and extrinsic silicon are
monolithic but on waveguide integrated detectors the spectral range has not yet been
shown to extend past 3 ym for either material.

The photodetectors created in this thesis are based on the design of extrinsic silicon
detectors by using germanium instead to extend the absorption further into the MIR. This
is preferable than working to improve the spectral response of Ge/Sn as an extended
spectral range requires large Sn ratios which makes the growth of a quality Ge/Sn crystal
difficult. This provides a solution in the development of future free-space
telecommunication and chemical sensing by providing a CMOS compatible photodiode. A
MIR germanium platform is practical because of its transparency up to 15 ym and has
already been used in the creation of low loss waveguides up to 7 ym (13).
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1.2 Thesis Structure

This thesis is comprised of 8 chapters. To explain the background knowledge to the thesis’s
project, defect mediated Ge detectors, chapter 2 will cover: the fundamental physics of PN
junctions, how sub-band absorption differs from regular absorption of photons and the
characteristics of detectors relevant to this thesis. Chapter 3 covers the fabrication
techniques used to create the devices and gives short descriptions how each of the

techniques and equipment work.

Chapter 4 is a literature review of integrated photodetection. It gives context of the field to
the reader and also to show what guided the vision of the detectors created. In that
photodiodes were created by looking for a platform that would allow CMOS compatible
MIR absorption, and then designed to optimise responsivity and bandwidth. It is finished

by giving a brief overview of the thesis objective and how it was chosen.

Chapter 5 details the simulations performed to find, the waveguide width, grating coupler
etch depth, duty cycle and pitch and the parameters used for implanting ions. The final
design for the detectors is described and the chip layout and mask design for fabrication is

explained. It continues to Chapter 6 to cover the process of the fabricating all devices.

Chapter 6 presents the findings of characterising the detectors by responsivity and
bandwidth at both 2 and 3.8 ym wavelength regions. It also describes in terms of key
specifications of the equipment used, describing in details the setups used for

characterisation and describing the passive and normalisation measurements performed.

Once all the experiments performed have been discussed, the thesis will conclude in
chapter 7 with a summary of the results found, how the experiments could have been

improved and explain plans for future work.






Chapter 2

Photodetectors

To preface the rest of the thesis, this chapter will provide a basic understanding of a
semiconductor, explain how and why they are used to create PN/PIN photodiodes,
describe the metrics used to grade a detector that are mentioned in this thesis including

noise in detectors.

Photodetectors are devices that convert light into an electrical current. There are many
types of photodetection absorbtion methods such as photoelectric, thermal and
semiconductor. Throughout this thesis photodetectors will refer to photodiodes unless
stated otherwise.

2.1 Operation of Photodiodes

2.1.1 Semiconductors

The ability of semiconductors to conduct is explained through a theory called “Band
Theory of Semiconductors”. The Pauli exclusion principle states that no two fermions can
occupy identical quantum state within the same quantum system. Let us look at the

semiconducting nature of silicon as an example, in Fig. 2.1.

In an individual silicon atom (Fig. 2.1(a)), energy levels are discrete, meaning they are
separate and each level requires a certain energy to reach. As silicon atoms are brought

together to form a bulk material (Fig. 2.1(b)), the electrons begin to overlap in space. As

electrons are fermions, Pauli’s principle must be satisfied here. Part of their quantum state

is the energy of the electron. So that the electrons do not occupy the same energy level, the

energy levels split causing a small shift. In a bulk material, splitting occurs many times

due to the large amount of energy levels, this results in broad ranges of almost continuous

energy levels (14).
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FIGURE 2.1: Diagram showing an example of the single atom and bulk material energy
level structure.

In bulk silicon, electrons can occupy the valence band and conduction band. These bands
are separated in energy, which is known as the bandgap. If energy is provided the electrons
(i.e., energy from a photon), they have the possibility to be excited from the valence band
into the conduction band. In the conduction band there are far fewer electrons and this
allows them to flow freely. This is the how a current is created in a semiconductor.

2.1.2 Fermi-Dirac Distribution

The electrons promoted from valence to conduction band are fermions and are subject to
the Pauli exclusion principle. This quantised restraint means electrons are dealt with
statistically. Therefore when in a state of energy at a given temperature, they have a
probability of being in a specified energy level. This probability is described by the fermi

function which is an equation of the form,

1

fE) = Zegymr 1 1 2.1)

where f(E) is the probability of being in an energy state E at a given temperature T in

kelvin, Ef is the Fermi level and K is the boltzmann constant (15).

The fermi level is the maximum energy that electrons can have at Ok. In both a
semiconductor and insulator the fermi level lies within the bandgap, meaning all electrons
occupy the valence band when temperature is at absolute zero. In a metal, there is no gap

and the fermi level lies within an energy band, see Fig. 2.2.
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FIGURE 2.2: Shows where the fermi level lies in a metal, semiconductor and metal (16).

As the temperature of a system increases, the probability of electrons existing at higher
energies increases and electrons can be promoted to the conduction band, see Fig. 2.3. This

is the basis of thermal noise in a detector, discussed later in this chapter.
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FIGURE 2.3: From left to right shows a semiconductor bandgap with an overlay plot of f(E)
with increasing temperature (17).

2.1.3 PN Junctions

PN junctions are the basis of transistors, detectors and light sources. To create a PN
junction, the semiconductor material of choice first requires doping. Doping is an
established method involving the addition or removal of electrons to change the electrical
properties of a semiconductor; this is usually accomplished by introducing foreign atoms,

dopants, into the crystal lattice via ion implantation or diffusion.

In the example case of silicon, boron and phosphorus are common dopants. Phosphorus’s
outer most shell of electrons contains one more electron than silicon. So when introduced
to a silicon crystal, phosphorus provides an extra electron. Region of semiconductors that
have been doped with more electrons are called “N-type” and the atoms used to provide
the extra electrons are called donors. While regions that have electrons removed are called
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“P-type” and the atoms providing holes are called acceptors. The removal of electrons can
also be seen as the introduction of a "hole” which is treated similarly to an electron but with
the opposite charge sign. The effect of doping is illustrated in Fig. 2.4.
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FIGURE 2.4: Diagram of a doped lattice of silicon, showing the addition of phosphorus
would add electrons and the addition of boron would add ‘holes’.

When the boundaries between P-type and N-type materials are brought together, they
form a PN junction. When this happens, electrons from the N-type region will diffuse to
recombine with the holes in the P-type region. The recombination of holes and electrons
leaves behind positively and negatively charged ions in the N and P type regions
respectively. The opposing charges of these ions create an electric field, which oppose the
diffusion of any more carriers. The area containing these ions is called the depletion region
(18).

2.1.4 PN Junctions and Light Detection

Detection of light occurs in a PN junction when a photon is incident upon the depletion
region. If the energy of the photon is greater than the energy that separates the valence and
conduction band, an electron can be excited from the valence to the conduction band. This
action of electron excitation leaves a hole in the valence band; this is the creation of an
electron-hole pair.

The photon energy E is given by equation (2.2) and is calculated using its wavelength A, ¢
the speed of light in vacuum and / Planck’s constant.

E=> (2.2)
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The electron-hole pairs are then swept to either side of the junction due to the electric field
within the depletion zone, and then drawn out to the external circuit. This process creates
a detectable current that can be attributed to the absorption of light.

The bandgap of a semiconductor is responsible for limiting the wavelengths of light that
can be absorbed. For example in silicon, wavelengths with an energy larger than the
bandgap such as visible light can be detected while photons with a smaller energy than the
bandgap, such as mid-infrared (MIR) light, cannot be detected because the energy
transferred to the electrons is not enough to excite it beyond the bandgap.

An electrical bias can be applied to a PN junction to alter the difference in potential
between the P and N type regions. To apply a reverse bias, the N-type region is connected
to an anode (positive terminal) and the P-type region to a cathode (negative terminal) of a
voltage source. When applied, carriers in the PN junction are further drawn to their
respective terminals, increasing the width of the depletion zone and subsequently the
electric field within. This increased electric field causes the electron-hole pairs to drift
faster across the depletion zone; resulting in the detector operating faster. If the carrier’s
drift time is shorter than it is recombination time, it results in most of the carriers being

collected and increasing the current created (19).

2.1.5 PIN and PN Junctions

A PIN junction is similar to a PN junction although the P and N doped regions are not in
direct contact. Instead, they are separated by a small area of undoped/intrinsic material,
which acts as the depletion region.

By adding an intrinsic region, the width of the depletion regions is increased, which
increases the distance between the doped regions and thus lowers the capacitance between
them. Which will increase the frequency response. This is explained in more detail in
2331

A PIN junction that is integrated into waveguides has the benefits of allowing light to
travel in the intrinsic region without overlapping with the doped regions, as light
overlapping with doped regions can result in free carrier absorption. This absorption of
light does not result in a photo generated current, reducing the quantum efficiency.

2.2 Defect-Mediated Principles

As an extension to the description of absorption of light in a PN junction, this section will
describe the basic principles of defect-mediated absorption, a detection method referred to
throughout this thesis.
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The principle of defect-mediated absorption refers to the absorption of photons via levels
within the bandgap of a semiconductor that are created by defects in the crystal lattice.
Defects from a perfect crystal lattice are associated with an energy levels in the bandgap
and different types of defects will have an associated levels (20). Defects can be classified
in groups of point, line, planar and bulk defects; in this chapter we will look at point
defects as they are most relevant to defect-mediated photodetectors.

A point defect can be classified as vacancy, interstitial, substitutional, or topological. A
vacancy is a missing atom from the crystal. An interstitial is a defect where an atom (of any
kind) occupies a space in the lattice not normally occupied. A substitutional atom is where
a foreign atom will occupy the space of the atom within the crystal lattice. Finally a
topological defect is one where the bonding between atoms is different from the rest of the
lattice (i.e single bonds instead of double bonds). Each of the defects is visualised in Fig.
2.5.
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FIGURE 2.5: Illustration of types of point defects (21).

These defects that create levels within the bandgap are utilised by photodetectors to
extend a material’s spectral response to longer wavelengths of light. This can be seen by
looking at the relationship between a photon’s energy and it is wavelength as given by Eq.
2.2. The relationship between E and A is inversely proportional, so when introducing
levels via defects it allows photons of lower energy to be absorbed, in other words, a
longer wavelength. The process is shown visually in Fig. 2.6. Electrons can be excited to
the sub-band levels using a lower photon energy than the whole bandgap, then thermal
energy will excite that electron into the conduction band (20).

2.3 Performance Metrics

This section covers the key characteristics that will be referred to throughout the thesis and
when characterising manufactured detectors. As the literature discussed in this thesis is
relevant to telecommunications and chemical sensing, the characteristics discussed revolve
around the efficiency of detection, speed of signals and their relation to the noise. The
chacteristics can be grouped into two categories: optical response (characterising the
detector’s response to light) and frequency response (characterising the detector’s response

to optical modulation). Each characteristic is listed below with a short description.
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FIGURE 2.6: Diagram of defect mediated absorption. This example shows a photon exciting
the electron to the sub-band level and it being thermally excited to the conduction band (20).

2.3.1 Sources of Noise

In a photodiode, the detection of light is identified by a measurable current signal.
Additional current not formed by the absorption of light might interfere with how clearly a
signal measurement can be made. Understanding the possible sources of noise makes it
easier to avoid them. The sources of noise possible in a detector are listed below.

¢ Shot noise: An inherent noise limitation for all detectors. Shot noise is the noise
caused by the Poisson distribution of a photons in a light signal. Photons will not
arrive at the detector evenly spaced or timed but will average to a Poisson
distribution.

Ishot = 2€IDA/\, (23)

where Iy, is the shot current, e is the charge of an electron, Ip is the average DC
current and AA is the bandwidth over which the noise is being calculated (22).

¢ Thermal noise (Johnson Noise): The electronic noise caused by the energy flucations

4KgTAA
I =/ —%— (2.4)
L

where I, is the thermal noise, Kp is Boltzmann constant, T is the temperature

of carriers, defined as

(Kelvin), Ry is the resistance of the load resistor and AA is the bandwidth considered
(22).

¢ Generation-Recombination (GR) noise: This form of noise is caused by the statistical
fluctuations in the number of charge carriers.
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¢ 1/f (flicker noise) - A source of noise that is inversely proportional to the frequency,
therefore more significant at lower frequencies. It is not generally well understood. It
shows up in other areas such as geography and astrophysics and still under
discussion (23) (24).

2.3.2 Optical Response

The optical response refers to the detector’s response to incident light. Several metrics
come under this category, including responsivity, spectral range, noise equivalent power

and dark current.

2.3.2.1 Noise Equivalent Power

Noise equivalent power (NEP) is a characteristic that describes the sensitivity of the
detector with respect to noise. NEP is defined as the power of light required to create a
signal-to-noise ratio of 1, over a 1 Hz bandwidth, i.e., how much power is needed to create
a signal equal to the noise floor (all noise present before any signal is received). It is
usually described in units of W/Hz. The smaller the NEP of a detector, the smaller the

signal it can detect.

2.3.2.2 Dark Current

This is the current created from the detector in the absence of light. It is often created by
the thermal generation of carriers from valence to conduction band via defects or
impurities. Therefore higher temperatures and smaller bandgaps would increase the dark
current of a detector. For example silicon inherently has less dark current than germanium
at the same temperature. For MIR detectors this is where cooling becomes useful to reduce

thermally generated noise.

2.3.2.3 Quantum Efficiency

The quantum efficiency (QE) is a measure of the efficiency of a photodetector and refers to
the ratio of photons in a detector that are converted to useful electrons measured as a

percentage. The quantum efficiency can refer to either the internal QE or the external QE.

External QE is defined as the number of photogenerated carriers that come from the device
whereas internal QE refers to the percentage of incident photons on the diode that are
converted to electron hole pairs. Internal QE is often larger than the external QE.

Generated electron hole pairs can lost before being collected, some examples include
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reflection at ohmnic contacts, photons being absorbed and being converted to phonons
(25). If each photon created 1 electron hole pair and was measured as a single electron
leaving the device that would be a internal and external QE of 100 %.

2.3.24 Responsivity

Responsivity is the metric by which we can tell how efficiently a signal is measured by the
detector. It is a useful metric to compare against other detectors, as it is only concerned
with the power of incident light in and the current produced. Formally it is a measure of
how much current is generated from the detector given a specific input power of light, so
the units used are A/W. Responsivity, R can be calculated using the equation,

4
R=-+— 2.5
o @25)
where g is an electron charge, & is Planck’s constant, f is the frequency of light and 7 is
quantum efficiency. The equation for response can be viewed as wavelength dependant

when inserting the relation,

c
= — 2.
f=3 6)
where c is the speed of light and A is the wavelength of light, to where finally the
responsivity can be described as,
R = 197 2.7)

he’

in this form the proportional relationship between responsivity and wavelength can be
seen, therefore the larger the wavelength the larger the responsivity. Maximising the
responsivity of a photodiode is desirable so that the signal can be easily measured above
noise, to increase the responsivity the quantum efficiency of the device should be
increased. Methods to increase the quantum efficiency include:

¢ Increasing the interaction length of the diode. This allows more of the light to be
absorbed, although this can increase dark current, described later.

¢ Increasing the reverse bias on a detector. By increasing the reverse bias on the
detector a stronger E-field is created in the depletion region, allowing more

electron-pairs to be collected before recombining.
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* Maximising Carrier lifetime. That is the average time it will take a carrier to
recombine. Maximising this by using a material and processing techniques that
reduce defects in the detector.

¢ Decrease detector width. Reducing the width of the detector decreases the distance a
carrier will travel before being being collected. Also allowing more electron-hole
pairs to be absorbed before recombining.

2.3.2.5 Spectral Response

Spectral response is a description of the responsivity to light over wavelengths. When light
is incident on a photodiode, the responsivity over wavelength is rarely flat. When the
quantum efficiency of a detector is 100 %, responsivity increases linearly with wavelength,
see Eq. 2.7. Further, the spectral response is related to the bandgap; bandgap energies of
silicon and germanium are 1.1 eV and 0.66 eV resulting in cut-off wavelengths of 1.1 ym
and 1.8 ym respectively.

An example of a spectral response of a silicon solar cell that is ideal with a quantum
efficiency of 1 and a measured cell is shown in Fig. 2.7.
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FIGURE 2.7: An example of a spectral response graph using a silicon cell (26).

Depending on the construction materials used in the detector it is also possible that
absorption from another material would affect the spectral response.

2.3.3 Frequency Response

The frequency response refers to the detector’s response to modulated incident light. This
section covers the bandwidth and eye diagram.
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2.3.3.1 Bandwidth

Bandwidth is a useful characteristic as it is a metric for the rate of data transfer a
photodetector can support. Not to be confused with the wavelength bandwidth of a
optical device. The definition of bandwidth is the frequency of modulated light when the
power of the electrical signal is half that of when not modulated. This is the definition of
bandwidth, used throughout this thesis, it is the 3 dB bandwidth and is measured in Hz. It
is easier to appreciate this in a graph, see Fig. 2.8.
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FIGURE 2.8: Example graph showing the 3 dB electrical bandwidth. The power of light is

normalised to 0 dB at 0 Hz modulation. Once 3 dB of loss (half of the power) has occurred

because of modulation to light, this frequency is noted as the 3 dB bandwidth. This graph

also shows the optical bandwidth and how the 3 dB electrical bandwidth relates to the 6 dB
optical bandwidth (27).

It can be important to know when something is referred to as the electrical or optical
bandwidth of a photodetector. The optical bandwidth is the frequency of light modulation
where the optical power is halved and is also measured in Hz. The electrical signal is
related to the square of the optical signal, so in decibels the difference between optical
bandwidth and electrical bandwidth is a ratio of two. Therefore, the 3 dB optical

bandwidth is equivalent to the 6 dB point on the electrical curve.

It considers the detector simply as a capacitor, where the doped regions and the electric
field between them would act as two charged plates with a field. Capacitance C is given by
the equation

Cc=", (2.8)
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where € is the permittivity of the dielectric material, A is the area of the faces of the doped
areas in contact with the depletion or intrinsic zone and d is the width between the two
doped regions, or the width of the depletion or intrinsic zone.

The frequency cut-off, which refers to the highest frequency of the detector or capacitor
before the current flowing through it begins to reduce, this point is defined by a 3 dB of
loss. The cut off is given as

f=5— (2.9)

where T = RC is the time constant of the circuit. By looking at the relation between
frequency cutoff and RC, it is easy to see that reducing capacitance and resistance will
increase the frequency response of the detector (28).

This largely speaks to the speed at which the carriers can travel. Less resistance allows
carriers to travel faster through the device and less capacitance results in less capacitance

to charge.

However by increasing the width of the depletion zone, the carriers then have farther to
travel. In a real photodiode where there is the possibility of carrier recombination, the
width of the depletion region needs to be balanced between having a longer drift distance
and allowing more possibility for recombination.

The time it takes for the carriers to drift across the depletion region is affected by its
internal electric field. A higher electric field, which can be created using a reverse bias,
results in faster drifting and a higher bandwidth.

The RC time constant is not just affected by capacitance but also by the resistance of the
contacts and load resistance. Reducing the resistance of the detector and circuit it is in
increases bandwidth, this can be achieved, for example, by choosing low-resistance contact

and detector material (29).

2.3.3.2 Eye Diagram

Though not a direct way of measuring the bandwidth or speed of a photodiode, an eye
diagram can view the quality of a digital signal through a whole electrical system, detector

included. It is an electrical measurement that looks at the rise and fall of signals.

In a binary digital sequence a signal will change between 1 - 0, on to off, high to low, etc in
many combinations of sequence. An oscilloscope is used to read the high speed electrical
signal being investigated. It looks at every possible combination of 2 transitions received
(or 3 bit sequence), 1-0-1, 0-0-1, 1-1-1 etc., and overlays them to create an eye diagram, see

Fig. 2.9. The eye diagram is displayed with time on the x axis and amplitude in voltage on
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the y axis. The signal is read and the combinations are acquired from many samples.
Because of this, variations in the signal are also overlayed and included in the eye
diagram. This ensures that it is a representation of the system measured, which will

naturally have variation and loss.
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FIGURE 2.9: Diagram showing the different possible transitions that will be overlapped
and a realistic example of an open eye diagram (30).

An eye diagram can be used to look at the different amplitude and time parameters of the
signal, i.e., the amplitude of the signal, rise and fall time of the signal, impedance

mismatches, signal to noise ratio as well as jitter effects as shown in Fig. 2.10.
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FIGURE 2.10: Diagram showing the different possible transitions that will be overlapped
and a realistic example of an open eye diagram (31).

As an example, an eye diagram pattern from a microwaves photonic link is shown in Fig.
2.11. It shows that as the modulation of the light is increased the eye begins to close
slightly. This closing and the widening of the top and bottom of the diagram show a
decrease in the signal to noise ratio. The widening of the crossover point signifies an

increase in jitter.
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FIGURE 2.11: Example of an open eye diagram with increasing modulation of light. This is
the eye diagram pattern of a microwave photonic link (32).
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Chapter 3

Nanofabrication Processes

Nanofabrication is the process of creating devices and structures on the nanoscale. A large
branch of this used to create integrated electronic circuits on a microprocessor chip, which
can be found in smart phones, computers, gaming consoles and more. The field of
nanofabrication extends beyond creating electronic chips and in the case of this thesis even

photonic integrated circuits.

While the fabrication processes used are all different and have broad applications, most
operate by depositing/removing layers of materials to build nanoscale devices. An
example of a structure being fabricated is shown below in Figure 3.1 to show the layered

process of creating a waveguide.

Silicon wafer Protective cover
patterned on wafer

Silicon partly removed using
reactive ions

FIGURE 3.1: An illustration of a waveguide being fabricated, showing the layer by layer

process. A silicon wafer is covered with patterned E-beam resist. E-beam resist is used to

protect waveguide during etching process with removes selected areas of the silicon. The
E-beam resist is removed after to reveal the waveguide.
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This chapter will describe the fabrication methods used to create the photodetectors in this
thesis. It will begin by describing the lithography process, then move onto the processes
used to deposit material then finally the other remaining processes.

3.1 Lithography Process

Lithography in art began with using greasy crayons to write script on limestone slabs. Ink
would soak into the limestone and the greasy crayon marked area would repel any ink.
This allowed the image on the slab to be used to print the script repeatedly.

In nanofabrication, lithography is similar in that selected areas can be exposed to processes
whilst others are intact through the use of a protective material. It is used to only expose
some of the wafer or chip to processes, as shown in Figure 3.1. It is similar to the artistic
definition, though instead of greasy crayons we use a protective material called E-beam
resist and instead of ink the wafer is exposed to layered deposition or etching for example.
A visual summary of the lithographic process is shown in Figure 3.2.

silicon wafer Resist is deposited Negative Resist is exposed Unexposed resist is
on wafer to electron beam developed and removed
[} [
7 |
[ | ;
Positive Resist is exposed  Exposed resistis
to electron beam developed and removed

FIGURE 3.2: Diagram showing the lithographic process using both positive and negative
E-beam resist.

To give an overview of the nanofabrication lithography process: It begins by depositing a
material called E-beam resist on the wafer as a uniform layer. Next, when the E-beam resist
is exposed to radiation, the chemistry of the material changes, to harden or soften
depending on the type of E-beam resist. After being radiated, the wafer is then
“developed” which means to use the appropriate liquids to remove the softer areas of the
E-beam resist which reveals a pattern. Planar processes such as etching and deposition can
then performed and with the E-beam resist covering only certain parts of the wafer,
selected areas can be fabricated on to create nanoscale structures and devices. Once the
processes are performed the E-beam resist can be removed.
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The radiation is selectively exposed to the E-beam resist on the wafer through a couple of
methods. Though for this thesis, only an electron beam was used. An electron beam scans

across the wafer with nanoscale accuracy to radiated selected areas.

The following subsections will describe each of the electron beam lithography steps in

detail, beginning with spin coating.

3.1.1 Spin Coating

Spin coating is a common way of applying a E-beam resist layer over a wafer or chip.
E-beam resist is an organic material and starts in a solvent form, with particles of the solid

E-beam resist suspended in alcohol.

When exposed to radiation, a positive E-beam resist will become soluble to the developer
and in a negative E-beam resist, the polymers will cross-linked when exposed, becoming
insoluble, meaning the soluble regions that were not exposed to the radiation will wash off
in developer. The solvent E-beam resist is applied to the wafer using a pipette then is spun
at high RPM to pull the liquid E-beam resist uniformly across the wafer. The faster the
spinning the thinner the E-beam resist. The thickness of E-beam resists are typically
anywhere between hundreds of nanometers up to one or two microns. A diagram of the

process is shown in Figure 3.3.

Small amount of photoresist is Wafer is spun at 1000's of rpm Uniform coating of solvent on
pipetted onto wafer wafer

FIGURE 3.3: Diagram showing the dropping of liquid E-beam resist onto the wafer and
spun.

Once the E-beam resist has been ‘spun’ it goes for a ‘softbake’, this is a fast heating process
that can take place on a hotplate to a temperature of about 100 °C to remove remaining
solvent in the E-beam resist, solidifying and hardening it. The softbake time needs to be
carefully set to avoid defects and cracks in the E-beam resist which would expose
unintentional parts of the wafer to later processes. If the solvent is left to evaporate

without baking or if the softbake time is too short, bubbles may form in the E-beam resist.

Following the E-beam resist soft baking, it is exposed to radiation, which is described in

the next section.
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3.1.2 Electron-beam (E-beam) Lithography

Lithography uses radiation to change the chemical bonds within the E-beam resist so that,
once developed after, will reveal the desired pattern. Electron beam uses a beam of focused
high energy electrons to ‘draw’ the pattern (i.e waveguide, doping region) directly onto the
E-beam resist, an illustration of which is shown in Figure 3.4.

a) Electron Beam Path scanning b)

-
1

photoresist

Wafer

FIGURE 3.4: Diagram showing a) a top down view of a layer and how the electron beam
would scan across with surface b) how the E-beam resist would be exposed to the electron
beam.

Wafers will likely go through more than one round of lithography to allow different areas
to be exposed to different processes. The alignment between lithography stages is
maintained with the help of alignment marks. These are small identifiable crosses that are
etched into the wafer; creating these marks should be part of or the first step in a
lithgraphy and etching process (33).

3.1.3 E-beam resist Developing and Stripping

Developing removes the softer part of the E-beam resist after being exposed to electron

beam radiation; by washing off the soluble E-beam resist with a solvent developer.

After this, subsequent processes can be performed, with the help of the patterned E-beam
resist to protect layers below. When the desired processes are complete and the E-beam
resist is no longer needed it is removed from the substrate; this is known as stripping the
E-beam resist (33). Two stripping techniques are used in this project; oxygen plasma and
acetone. The use of oxygen plasma takes place in a vacuum chamber where the highly
reactive monoatom of oxygen reacts with the organic E-beam resist and is then pumped

out. Acetone dissovles the E-beam resist.

It is common for there to be multiple lithography steps in the creation of a device. In that
case it begins again with spinning a E-beam resist.
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3.2 Thin Film Deposition Processes

Deposition of thin films allows the addition of the same or different material to a wafer
and can provide a variety of functions to a device by creating metal contacts, act as
insulation, build ribs for waveguides, create gain regions in lasers and more. This is only
possible due to the range of materials that can be deposited as thin films. There is not a
single method used for all depositions and each method comes with trade-offs. The
fabrication of detectors in this thesis is concerned with two deposition methods, described
below; Plasma-Enhanced Chemical Vapour Deposition (PECVD) and Electron-beam
Physical Vapor Deposition; used for SiO, and metal deposition respectively.

3.2.1 Plasma-Enhanced Chemical Vapour Deposition

This deposition method is often favoured over regular chemical vapour deposition (CVD)
because it enables lower temperatures, whilst still maintaining the same deposition rates.
This is useful for example if a device already has aluminium contacts, which has a melting
point of 650°C.

PECVD is performed in an enclosed chamber, a wafer is placed on a chuck within. The
chuck is a platform that acts as an electrode and will also heat the wafer. The source gases,
precursors for a reaction which forms the desired solid, are brought in from the
showerhead shaped electrode above the chuck. The gases are pumped down below the
chuck and a plasma is created in the gas by an alternating electric field between the two
electrodes.

SiH4(g) +2N20(g)— > SiO2(s) +2H2 +2N2 (3.1)

Variables in crafting recipes for PECVD depsotion include chamber pressure, temperature,

flow rate, flow ratio between gases and the RF power (34).

3.2.2 Electron-beam Physical Vapor Deposition

Electron-beam physical vapor deposition is another process used to deposit materials,
often metals, onto a wafer. The process is straightforward and best described using a
figure, see Figure 3.5. Within a high vacuum chamber, a focused beam of high speed
electrons bombard the target metal material. The metal which resides in a crucible is
heated until it evaporates. Hot metals have a high vapor pressure, and in this gaseous

state, will travel towards the wafer and get deposited when they make contact.

The wafer is usually heated to improve surface quality as it allows atoms to diffuse in the

tilms and find favourable lattice positions, eliminating possible vacancies (34).
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Vacuum pump

0
0
Filament Accelerator

FIGURE 3.5: Diagram showing a cross-section of an electron beam physical vapour depo-
sition. The filament creates electrons which are accelerated and directed with a magnetic
field into the metal source. The metal evaporates upwards towards the wafers (35).

3.3 Other Processes

3.3.1 Inductively Coupled Plasma — Reactive Ion Etching (ICP-RIE)

Similarly to PECVD, a plasma of gas is created in the chamber from a high frequency
oscillating electric field. Instead of the gaseous ions reacting to form solids, they can etch in
two ways: by reacting with the surface to create volatile compounds, or physically by
bombarding and removing surface ions with kinetic energy. The form of etching that
occurs depends on the recipe chosen.

3.3.2 Rapid Thermal Annealing (RTA)

RTA is a process that allows the wafer to be heated to temperatures above 1000 °C) in
seconds. For example the Jiplec Jetfirst 200 used in this thesis can have a ramp rate
between 1 °C/s to 200 °C/s (36). This is often done to activate dopants and repair damage
done to the crystal. The dopants are activated through the use of high temperatures which
provide energy to the dopants sitting between lattice points and allow them to create
bonds with the material around them to becoming a part of the crystal lattice. This
provides the desired electronic properties from the dopants mentioned in section 2.1.3.

RTA operates in a furnace and contains a pyrometer and thermocouple to allow the
temperature of the wafer to be monitored. The thermocouple is in contact with the rear of
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the wafer and pyrometer uses IR light to measure temperature. Heat is created in the

furance with heating lamps.

3.3.3 Ion Implantation

Ion implantation is the process of firing accelerated ions into a material. They are slowed
by random collisions with the wafer material. Ion implantation is often used to dope
semiconductors, also discussed later in the thesis in section 4.2, implanting ions has other
benefits too. The implantation depends mainly on two variables, ion dose and
implantation energy, which is the energy of acceleration. The ion concentration within the
substrate follows a Gaussian distribution, peaking at a specific depth. Typical ranges for
implantation doses and energies are around 10'° — 10' ions/cm? and 10-200 keV (37). Ion
implantation takes place in a machine called an implanter. In an implanter the ions are
accelerated within a vacuum to a high speed then fired into the target material, the path of
the ions into the target wafer is shown in Figure 3.6. The ions are produced from the ion
source. They are then directed through a magnetic field and an aperture, the combination
of which allows the desired ions through. As the radius of movement of an ion through the
magnetic field is related to the ratio of mass to charge (m/e) and only ions of the desired
ratio would pass through the aperture. They are then accelerated to high energies and

directed towards the target using electromagnetic field generated with "scan plates’.

lon lon
Analyzer Selection  Acceleration
Magnet Aperture Tube

Y-Scan  X-Scan

Plates Plates
lon Beam
\ Wafer

A .

Rotating Wafer Holder
(electrically grounded)

lon Source

FIGURE 3.6: Diagram of an implanter - this shows the ion beam path from start to wafer
(38).
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Chapter 4

Mid-Infrared Photodetection State of
the Art

This chapter will explore the literature of integrated MIR detectors made from different
materials and compare their performance. It will discuss these detectors in terms of
responsivity, bandwidth, fabrication and CMOS compatibility. In terms of materials, we
cover Germanium-Tin (Ge/Sn) alloy, defect mediated detection in group 4 materials, III/V

semiconductors, 2D materials and chalcogenides.

4.1 Germanium-Tin Photodetectors

Ge/Sn is an alloy that has become a forerunner for monolithic, MIR detection due to the

following features:

Operation wavelength can be tuned by altering Ge/Sn ratio.

An indirect to direct bandgap transition that occurs at 0.06 - 0.11 ratio of Sn to Ge

(depending on strain within device).

Can be monolithically integrated on Si platforms.

Can be created using mature fabrication technology.

¢ Has potential to be used for detection and laser radiation.

These features make Ge/Sn a practical option for MIR detection, although has not yet
shown detection on a waveguide integrated detector in the 3-4 ym spectral region unlike
other waveguide integrated photodiodes (11). Further, to reach these wavelengths the
detectors require larger Ge/Sn ratios (39), making the growth of a quality crystal difficult.
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First it is due the low solubility of 1%, requiring, e.g., using low non-equilibrium
temperature during epitaxy. Second, with increased ratios, the strain introduced by Sn and
defects in the layer will result in non radiative absorption (40). To allow large compositions
of Sn the following techniques have been used: Utilizing eutectically-enhanced
crystallization, Sn nanodot enhanced composition enhancement and spontaneous
relaxation-enhanced Sn incorporation process. These processes have allowed Sn
compositions as high as 22.3% and 26% (39) (41).

Despite these difficulties, having a material that would allow both lasing and detection in
that 3-4 ym region is worth pursuing. Recent publications have shown effort to increase
the bandwidth with the hopes that the material is also capable of being used for
transceivers and telecommunication applications. An example of this is a Ge/Sn based
multiple quantum well (MQW) with a bandwidth over 10 GHz at 2 um, although this
device is not waveguide integrated (42).

Table. 4.1 compiles the most notable detectors made from Ge/Sn alloy.

TABLE 4.1: Integrated MIR Ge/Sn Photodetectors

Ge/Sn  Responsivity Bias Spectral Band- Year  Ref

ratio Range width

9 % 0.1A/W @ -5V 1-22um  N/A 2012 (43)
2.2 ym

10 % 026 A/W -5V 14-24um N/A 2015 (44)
@1.55 ym

9 % 0.33A/W -10V 1.5-20um N/A 2016 (45)
@2003 nm

10 % 0.023A/W -1V 1.5-20pum 12GHz 2017  (46)
@2003 nm

9.24% 0.19A/W -0.01v 1.6-24uym 178GHz 2019 (47)
@1.6pm

4.2 Sub-Band Absorption in Group IV Photodetectors

While the instrinsic bandgap of Si allows absorption up to 1.1 ym it has been shown to
extend up to 2.5 ym and even higher through the use of sub-band absorption. Sub-band
absorption of light is detection through the use of deep levels created within the instrinic
bandgap of a material. These levels allow for smaller energy transitions and longer
wavelength of light to be absorbed than can be achieved using intrinsic material. To create
these levels research groups have used ions such as Sit (48), BT (49), Set (50), Au~(51) and
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Zn™"(52) to bombard and create defects in Si; an example of the implanted structure is
shown in Figure 4.1. More recently this principle has also been used to create Ge
photodetectors by using Au™(53), this has shown an enhanced cut-off wavelength of up to
3 um. As well as finding absorption at 2.0 ym in Ge PIN photodiodes which has been
mediated through defects created during fabrication (54). Similarly to Ge/Sn detectors,
this method lacks responsivity above 3 ym but its advantage is that fabrication is simple
and only requires an additional back-end ion implantation step to create defects. Room
temperature Si defect-mediated detectors have been shown to detect up to a wavelength of
2.5 ym (2), with responsivities of up to 50 A/W as well as with bandwidths of >35 GHz
whilst maintaining a responsivity of up to 10 A/W in avalanche mode (55). The challenge
is maintaining high responsivity and bandwidth at the same time whilst extending the

spectral range further into the MIR.

A summary of recent defect-mediated detectors is given in Table. 4.2.

TABLE 4.2: Integrated MIR Sub-band Photodetectors

Type of Responsivity Bias Spectral Band- Year Ref

Implant Range width

SiT in Si upto10A/W upto-20 1.1-1.75 ym 35GHz 2009 (55)

\Y

BT in Si 03A/W 830V 2-25um 15GHz 2015 (49)

SiT in Si 9.9 mA/W 5V 22-235um 17GHz 2014 (56)

Set in Si 25 mA/W 3V 09-1.6 ym N/A 2011 (57)

Au~ in Si EQE 10~* 5V 22 um N/A 2014 (58)

Zn™" in Si 87 + 29 20V 22-24 uym N/A 2014 (52)
mA /W

Au inGe 025mA/Wat 0V 2-3um N/A 2020  (53)
2 ym

It’s historic perspective is given in more detail on sub-band absorption and how it has

progressed is given in the following section.

4.2.1 History of Silicon Defect-Mediated Photodetectors

This section gives a summary of the history of integrated silicon and germaniam defect

mediated waveguide integrated detectors at NIR and MIR wavelengths.
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Defect
implantation

FIGURE 4.1: Diagram of implanted PN junction, shown as an example of general device
structure (59).

In 1959, H. Y. Fan et al. irradiated silicon using electrons and deuterons and found
absorption bands introduced at 1.8, 3.3, 3.9 and 5.5 ym (60). The absorption peak at 1.8 ym
is now associated with the divacancy defect, used in integrated photodetectors.

Integrated detectors that used defect mediated absorption began in concept from a paper
from P. G. Kik (61). In 2000, the same group found that erbium doped silicon PN junctions
can be used to elicit an infrared response (62). In 2002, a paper was published showing
proof of this on an integrated platform. This paper introduced the concept using erbium
doping on a Si-on-Insulator (SOI) PN junction to allow the absorption of 1.5 ym light (61).
It showed absorption of 1.5 ym light with a quantum efficiency of 10~%. A cross section of
this device is shown below, see Figure 4.2.
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FIGURE 4.2: Early defect mediated waveguide integrated device (61).

The next development of integrated sub-band infrared (IR) photodetection came with a
PIN photodiode fabricated in 2003 by Knights et al. which used proton bombardments to
create defects (63). This novel device had a responsivity of 8 mA /W with a reverse bias of
-1V, the operation wavelength in the C and L bands, and showed an improved response
compared to an equivalent unimplanted device (63). The group then published a paper in
2005 with details of a photodiode with a responsivity of 3 mA /W at 1550 nm, as well as
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including graphs showing the improved response of the devices with a shorter PN junction
distance from the rib design, showing the need for device design optimisation (64).

In the following year, they extended this work further, showing PIN junctions implanted
using Si+ ions and an investigation into post-annealing temperature. This revealed that
annealing at 300 °c for 10 minutes post implantation gives the largest response which was
consistent with annealing data for the silicon divacancy. Thus absorption was assumed to
be dominated by the divacancy defect (65).

The next large step in defect detectors came from Guis et al. (48). where they demonstrated
an Sit implanted photodiode responsive from 1100 nm to 1750 nm, up to 50 A/W
responsivity and capable of 35 GHz bandwidth. These detectors relied on the interstitial
cluster defect, this was concluded because of information on defects stability under
annealing again, divacancies anneal out at 300°c whereas the interstitial cluster is stable up
to 600°C (48). In 2013, Souhan et al. published a paper showing, again, a Si* implanted
detector, although they measured a 0.14 A/W responsivity of the device at 1.9 ym and the
following year demonstrated a device capable of absorption up to 2.3 ym, showing an
effort to extend spectral response further in the infrared (66). These detectors both relied

on interstitial clusters.

It was around 2013 where interest in using the defect-mediated MIR detection in silicon
took off. Devices were fabricated using different ions to create defects which achieved
spectral responses up to 2.5 ym through implanting boron, up to 2.4 ym using
substitutional zinc defects and up to 2.2 um by using gold ions (67; 52; 58). Until 2015 the 2
- 3 ym response from these detectors was below 100 mA /W, the next significant innovation
came from Ackert et al., where they created a responsive, high speed detector of 0.3 A/W
at 2.02 ym by operating it in the avalanche regime, with a reverse bias of up to -30 V (2).

From here the next step has been that defect mediated detectors have started to branch out
into germanium by using gold ions. Detectors have beeen created showing an enhanced
cut-off wavelength of up to 3 um (53); as well as finding 2 ym absorption in Ge PIN
photodiodes which has been mediated through defects created during fabrication (54).

In summary, the main defects responsible for photo absorption in silicon are the divacancy,
interstitial and various substitutional defects, such as Gold and Zinc. The more responsive
of which are the interstitial and divacancy. Both can be created through bombardment of
protons, Si+ and B+ ions. The neutral divacancy responsible for many of the
photoabsorption in the earlier photodiodes has a 1.8 ym wavelength absorption band, E =
0.4 eV. It was shown that photodiodes annealed above 200°C started repairing unwanted
defects and that largest photo absorptions occured with an anneal of 300°C before the
divacancy is completely removed at 350°C. The excess loss still present in a device would
likely be attributable to the cluster interstitial, another stable defect that is present until
annealed at 475°C. There is also still room to explore Ge as a defect mediated detector.
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4.3 III-V Photodetectors

III-V semiconductors are a popular material choice for infrared detectors and these alloys
are used to cover the spectral range across the wide MIR region. While III-V detectors have
shown excellent performance in terms of MIR responsivity, they are not easily integrated
on a silicon platform because of the lattice mismatch between materials, a graph showing
the difference in lattice constant is shown on Figure ??. Having a III-V on Si platform then
leads to a more expensive fabrication and limits its use in low cost high volume
applications. To integrate III-V materials there are a few methods available to bond the
material to the substrate i.e., flipchip bonding, heterogeneous bonding and hetero-epitaxial
growth (68).
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FIGURE 4.3: Table showing the bandgap energy and lattice constant difference between
materials (68).

Epitaxial growth, as a monolithic method, is most preferable, as it would offer the
possibility for low cost, high yield and density of III-V devices on Si. Although is made
difficult to have have a defect free material growth because of lattice mismatch between
the materials and a difference in thermal expansion coefficients leads to defects near the
boundary between materials, introducing defects like threading dislocations and micro
cracks (69; 68).

Discussed in the papers listed in Table 4.3, a type of wafer bonding using an adhesive
divinylsiloxane-bis-benzocyclobutene (DVS-BCB) is often used by M. Muneeb et al. at
Ghent University (12). It’s well suited in prototype because it requires less surface
preperation than other methods and does not need as low surface roughness,
contamination and cleanliness (69). Although the adhesive absorbs in the 3 ym
wavelength range so has to be accounted for in MIR applications (12). Most III-V
waveguide integrated photodetectors can only operate up to 4 ym. There are examples of
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long wavelength detectors (>4 pum) that operate at higher speeds (20 GHz) but these
detectors are not integrated on a silicon substrate (70). A cross section of a InP

hetrogeniously integrated detector on silicon is shown in Figure 4.4.

p-Contact
InGaAs n-Contact
BCB p-InP
MQW
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FIGURE 4.4: Cross-section diagram of InP MQW, light is coupled from the active region to
the silicon via a 180 ym long InP taper (71).

Below shows a table compiling III-V integrated photodectors on a silicon platform.

TABLE 4.3: Integrated MIR III-V Photodetectors

Material Responsivity Wavelength ~ Ref
InP 1.2A/W 2.32 ym (71)
InAsSb on GaSb 0.3 A/W 3.8 ym (12)
GalnAsSb 14 A/W 2.3 ym (72)

4.4 NIR Germanium Photodetectors

Epitaxially growing Ge-on-SOl is difficult because of the lattice mismatch of 4.2%,
although despite this there are many examples of device grade crystalline germanium (73).
Growth methods used to overcome the lattice mismatch include; poly Ge films, epitaxial
growth on graded SiGe bulffer layer, low temperature/high temperature growth (74).

NIR Ge detectors are used to detect in the telecommunication windows and often the
choice of material for detection at this wavelength region because of the mature
fabrication, CMOS compatibility and good performance. Detectors have been made with
high responsivity, high bandwidth and low dark currents (75). An example of this is a PIN
Ge photodiode with 3 dB bandwidth of 42 GHz (76). Recent publications have also shown



36 Chapter 4. Mid-Infrared Photodetection State of the Art

optimised detectors with quantum efficiency of 90 % with an average responsivity in the
C-band of up to 1.16 A/W at -3V bias (77).

4.5 Other Materials

Other materials and methods of MIR detections are possible using chalgonide materials,

bolometers, and photoaccoustic sensing.

The ability of monolithic integration of PbTe makes chalcogenides a candidate for a low
cost MIR detector. Limited literature exists for integrated MIR detectors. In terms of
applications, Han et al. has demonstrated PbTe detectors capable of 1 A/W responsivity at
2250 nm hoping to be used for chemical sensing, night vision and medical diagnosis and

has used the same design as part of a functional MIR methane gas sensor (78; 79)

Bolometers are useful because they can operate over a large wavelength region, do not
need cooling at long wavelengths and are also CMOS compatible. Bolometers operate by
absorbing the MIR radiation, which generates heat that is measured as the change in
resistance on the antennas. Responsivity is not a characteristic used in bolometers but the
efficiancy of these detectors are instead measured by the percentage change in resistance
per kelvin. An example of this is a bolometer by Wu et al. who demonstrated an
amorphous-Si bolometer with gold antenna (80). The measure of sensitivity is 1.13 + 0.04%
K~! and a NEP of 66 yW/v/Hz .

2D materials such as black phosphorus and graphene are both able to absorb MIR light
using direct tuneable bandgaps. Graphene specifically has garnered attention for it’s high
electron mobility and wide tuneable spectral range. 2D materials are well suited to
integrated photonics in some regards, as the VDW bonding means there is no lattice
mismatch in the materials and by placing the material parallel with a waveguide can
maximise overlap with the guided light, see Figure 4.5. Black phosphorus has also been a
promising material for detection because of it’s broadband detection, direct bandgap and
depending on layer thickness the bandgap can be altered from 0.35 eV to 2 eV as a bulk
and single layer material respectively; allowing absorption of visable to 4 ym (81).
However currently the fabrication of these 2D materials as integrated detectors, is difficult
to produce high yields. There are many fabrication techniques, both materials still relying
on mechanical exfoliation, chemical vapour depostion, epitaxial growth, which has the

downsides of being low yield, or presents defects (82).

4.6 Project Motivation

To create a MIR detector that can an inexpensive addition to PICs, the focus of this thesis is

to extend the spectral range of group IV defect mediated detectors.
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(@) (b)

FIGURE 4.5: Diagrams two ways light can interact with graphene (a) Light is perpendicular

to the graphene and only has an absorption coefficient of 2.3 %. (b) When graphene can

interact with the evanescent field on a waveguide its absorption is only limited by the
length of the waveguide (83).

TABLE 4.4: Integrated Photodetectors - Other Materials

Material Responsivity Bias =~ Wavelength Bandwidth Ref
PbTe 1A/W 2.1-25um - (78)
Graphene 0.13A/W 2.75 ym - (84)
Graphene  22mA/W -1V 3.80 ym - (85)
Black Phos- 2 A/W -1v 4 ym - (11)
phorus

Black Phos- 0.098 A/W 3.825 ym 550 Hz (86)
phorus

Silicon defect mediated detectors has been explored over the past two decades and some
papers exist to prove the same functionality in germanium though the spectral range is
still comparable to silicon, in the 2 - 3 ym region (54; 53). However, if defect mediated
absorption can be used to extend the spectral range of silicon into the 2 - 3 ym region it
would be interesting to further explore germanium as a defect mediated detector.
Extending it’s wavelength cut-off of 1.8 ym hopefully into the 3 - 4 ym range. Germanium
detectors of this design also have the potential to have a larger bandwidth compared to
silicon as it has a larger electron mobility. Successfully creating this would provide a CMOS
compatible, inexpensive, small footprint photodetector that can detect further into the MIR
and be usable in PICs of interest in free space telecommunication or sensing chemicals.

The design of this thesis’s germanium defect mediated detector has been closely guided
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from its silicon predecessors, so will also follow a waveguide integrated PIN junction

design.

4.7 Summary

It would be useful to bring the mature detector and laser technology of III-V
semiconductors to integrated photonics; however they all suffer the same downfall. They
are difficult to monolithically integrate, meaning they are usually added to the silicon chip
by processes such as flip-chip integration or in-plane butt-joint coupling. These methods
do not work well for mass volume fabrication as the yield is low, the difficulty lies in
aligning two materials together, which requires a sub-micron alignment (87).

2D materials such as black phosphorus and graphene are both able to absorb MIR light.
Graphene specifically has garnered a attention for it’s high electron mobility and wide
tuneable spectral range. 2D materials are well suited to integrated photonics in some
regards, as the Van der Waals (VDW) bonding means there is no lattice mismatch in the
materials and by placing the material parallel with a waveguide can maximise overlap
with the guided light. However currently the fabrication of these 2D materials as
integrated detectors, is difficult to produce high yields.

MIR absorptive materials that are not limited by complex, expensive and heterogeneous
fabrication restraints include using Si and Ge through sub-band means and Ge/Sn alloys.
Both of which can be monotonically integrated although their spectral response is limited
to the 2-3 ym region.

The PhD motivation of creating a germanium defect mediated photodiode that aims to be
responsive in the 3-4 ym region is introduced.
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Chapter 5

Device design

This chapter covers the final detector design in three sections. The first will describe the
motivation of the detector design and the basic outline of the design along with the
dimensions and parameters that need to be decided. The second section shows the process
of designing the photodiodes, involving choosing a platform, performing simulations to
design waveguides and grating couplers, and using literature to inform other parameters
of the devices. The third section describes the final photodiode design, the layout of
devices on chip and the complete wafer layout for fabrication.

5.1 Initial PIN Junction Design

5.1.1 Base Design Structure

The structure of a straight rib waveguide integrated PIN junction was used as a base to
begin designing the photodetector, as it was used for silicon defect mediated detectors,
and chosen for its simple design and fabrication (2).

Grating couplers were chosen to couple light into the detector as opposed to cleaved
surfaces for butt coupling. A butt-coupling method is usually chosen to allow a broad
spectrum of wavelengths to be coupled, but the lasers available for characterising for this
project are not tuneable over more than 150 nm, a bandwidth which grating couplers can
already operate over. Using grating couplers also makes characterising the detectors easier,
as butt coupling is trickier to align and most of the current setups in the labs are setup for

tibre to grating coupler coupling.

The devices where chosen to be fabricated on a 500 nm Ge-on-SOI wafer, as these wafers
have a higher refractive index contrast compared to other options that transmit MIR such
as Ge-on-Si. A high index contrast allows smaller devices to be made which in turn would
create a more responsive device, see 2.7 for more details. Also, spare wafers remained that
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were used for the successful fabrication of other passive MIR germanium devices from
members of our group working in the same wavelength range. (13). The SiO; substrate
wasn’t expected to be an issue, as it absorbs light above 4 ym and the detectors were never
expected to be responsive above this wavelength. The wafers comprised a top layer of 500
nm germanium, 60 nm silicon and finally a 3 ym silica BOX layer. With the base structure
of the detector chosen, this left some parameters to be decided, which are illustrated from a
cross-section and top down view in Figure 5.1 and Figure 5.2 respectively. The unknown
dimensions to be decided were are as follows:

500nm

i ; | Dimensions to
Woy i

FIGURE 5.1: A cross-section view of the base rib waveguide design. Showing dimension
choices that need to be made with question marks. The platform used is 500 nm Ge-on-SOI,
so these values are known.

Lep

H Doping Regions : Grating Coupler
? i Contacts ' L

Waveguide I Wac

Lec

Grating Coupler

Cross section

FIGURE 5.2: Diagram of the top down preliminary photodetector design. Showing dimen-
sion choices that need to be chosen for the grating coupler, waveguide and taper length. As
well as showing a cross-sectional view.

* Waveguide width (Wy,) and etch depth (E, ).
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¢ Grating coupler length (Lsc) and width (W), etch depth (E, ), pitch (Pgc), and
duty cycle (DC).

¢ Ohmic contacts distance from waveguide (S,,), width (W,,), material choice and
contact pad width (W,).

¢ Doping width (Wpy), depth and distance from waveguide (Spy).
¢ Doping implantation parameters.
¢ Jon implantation parameters for the creation of defects.

¢ Length of detector (Lpp).

To find these parameters both simulations and literature were used, described in the next

sections.

5.2 Optical Simulations

Optical simulations were performed using Lumerical software to calculate the optimal
dimensions of the photodetectors waveguides and grating coupler. To investigate the
spectral response of the detectors, at and beyond the bandgap of intrinsic germanium, the
photodiodes would be designed to couple light for 8 wavelengths covering a span from 2 -
3.8 um at: 1.95,2.05, 2.3, 2.6, 2.9, 3.2, 3.5 and 3.8 ym. Therefore these simulations where
performed and the optimal structure designs where found so that the photodetector could
detect at each wavelength. The response at 2 and 3.8 um are chosen as two ends of the
range as 2 ym is where germanium becomes transparent so is useful to begin probing the
responsivity of the photodiodes at this wavelength. The other end of the wavelength range
is chosen to be 3.8 ym as a tuneable laser at this wavelength was easily accessible for
characterising and is also a realistic maximum spectral range as other monolithic detectors

have a measurable responsivity in the 3 - 4 ym wavelength range.

5.2.1 Lumerical Software

Lumerical software was used to simulate the propagation of light in the waveguides and

grating couplers, Lumerical - Mode Solutions and Lumerical - FDTD, respectively (? ) (88).

Lumerical FDTD uses a finite element method (FEM) for solving the propagation of light
in structures, called Finite-difference time-domain (FDTD). The method works by dividing
the structure into a 3D mesh composed of small cells called "Yee Cells’. At each of these
cells Maxwells Equations are solved to find the x, y and z components of the electric and
magnetic fields. Lumerical Mode Solutions uses a Finite Difference Eigenmode Solver
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which solves Maxwell’s Equations across a cross-section of waveguide to provide the
spatial profile of the mode and its frequency dependence. It includes a frequency sweep
when solving so allows group delay and dispersion to be quickly found as well as the
mode profile and loss. These software were used to choose the dimensions of grating
couplers that would result in optimum coupling at the 8 wavelengths mentioned before as

well as finding the dimensions of the waveguides that operated in single mode.

5.2.2 Grating Coupler Simulations

Light can be coupled from free-space into a waveguide using a grating coupler. The
coupling efficiency of light into the waveguide depends on the pitch, duty cycle, etch
depth of the grating, waveguide width and BOX thickness, properties of a grating coupler
which are shown in Figure 5.3.

Free space
light from
fibre DC = A/B
—
AP A LB

. PR PR
To Waveguide

FIGURE 5.3: Light (red) is coupled from free-space into the waveguide via a grating coupler.
Etch depth is how deep the grating teeth are etched down to. Duty cycle (DC) is the ratio
of width of the etched to unetched areas. Pitch (A) is the grating period.

To create functional grating couplers for the photoiodes, simulations were performed in
Lumerical FDTD. Simulations were setup using a grating coupler structure with a
Ge-on-SOI platform, which consists of 500 nm of germanium, 60nm of silicon, 3 ym of SiO,
on a silicon substrate. The simulation used perfectly matched layer (PML) boundaries to
absorb light once it reaches the boundaries. Transmission monitors were also placed below,
above and behind the grating coupler to also monitor reflections and path of inserted light.
The structure of the simulation used to design the grating couplers is shown on the top of
Figure 5.5. The investigated properties (etch depth, duty cycle, pitch, optimum fibre angle
and position above the grating coupler) are varied across a range of dimensions whilst
monitoring the percentage of light coupled into the the waveguide, this will be referred to
as the simulated coupling efficiency. Results from sweeping the DC and pitch and looking

at the percentage of light coupled into the waveguide are shown in Figure 5.4.

The darker blue areas denote areas of high coupling, the efficiency is negative because of
the direction of light through the monitor, as light traveling from right to left or from
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FIGURE 5.4: Results from simulations used to choose the optimum pitch and DC for cou-
pling a) 1.95 ym light b) 3.8 ym light.

bottom to top are noted as negative. The combination of parameters that resulted in the
most efficient grating coupler design are chosen, this process is repeated for the 8
wavelengths between 1.95 ym and 3.8 ym. A table of the simulated results used for

designing the grating coupler are shown in Table 5.1.

Wavelength Duty  Pitch Grating Simulated

of input light cycle (um) coupler coupling

(ym) Width, efficiency
Wec (um) (%)

3.80 0.5 1.45 20 39

3.50 0.5 1.31 18.75 43

3.20 0.5 1.18 17.5 52

2.90 0.5 1.03 16.25 47

2.60 0.5 0.885 15 38

2.30 0.5 0.755 13.75 46

2.05 0.4 1.35 12.5 51

1.95 0.4 1.25 11.25 50

TABLE 5.1: Chosen parameters for grating couplers that will couple different wavelengths
of light

This simulation setup would result in functional grating couplers but not optimal.
Simulations were performed after characterisations and improvements to the simulation
involved using a smaller SiO, capping layer to correctly simulate the actual height of the
fabricated capping layer, use a fibre to create the light source, using a mode expansion
monitor to view the amount of light guided into the fundamental mode rather than
measuring all light that passes the power monitor, a screenshot from both the old and

improved simulation is shown in Figure 5.5.
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FIGURE 5.5: Screenshot from FDTD software. Blue structure shows the simulated fibre,

the yellow angled line is an angled Guassian source of light. The red and grey structure

is a longitudinal cross-section of the grating coupler and waveguide. Top - old simulation.
Bottom - Improved simulation.

These improvements were applied to simulations of the measured dimensions of 1.95 and
3.8 ym grating couplers from microscope images in section, examples shown in Section 6.6.
The pitch from the gratings was measured as designed although the DC of the devices
measured was 0.45 and 0.53 for the 1.95 and 3.8 ym grating couplers respectively. This
resulted in a change in peak efficiency in both couplers.

The changes in the simulation now show that the for the originally designed 1.95 ym gratin
coupler, that the increase in DC but same pitch measurement resulted in the peak efficiency
being shifted upwards towards 2 ym, see Figure 5.6. Other changes in the simulation also
resulted in a lower simulated coupling efficiency than before, from 39 % to 25 %.

Similarly the results of using parameters from SEM images when calculating the grating
coupler efficiency at 3.8 ym resulted in a change of simulated coupling efficiency from 39
% to 28 %, see Figure 5.7.
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FIGURE 5.6: Simulation of grating coupler coupling efficiency of the grating coupler that
was originally designed to optimally couple 1.95 ym light. Now couples less light and at a
different peak wavelength than originally planned.
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FIGURE 5.7: Simulation of grating coupler coupling efficiency of the grating coupler that
was originally designed to optimally couple 3.8 ym light.

5.2.3 Waveguides

Simulations of the waveguide are performed using Lumerical Mode Solutions to find
single mode operation at each of the wavelengths mentioned above, as well as the distance
of the doping from the rib waveguide. While single mode operation is not necessary for a
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photodiode, having only a single mode propagate allows the designs to be easily
incorporated into an integrated photonic circuit as light is often guided in a single mode,
so avoiding higher orders eliminates mode-mismatching loss.

As the detectors are fabricated on 500 nm of Ge-on-SOJI, investigation of single mode
operation began with 500 nm tall waveguides and an etch depth to match the grating
couplers. If the height of the germanium could remain unaltered at 500 nm and the etch
depth the same as the grating couplers of 330 nm it would benefit fabrication because it
would require less fabrication steps, meaning less room for errors. This leaves the width of
the waveguide as the only variable, a parameter which can strongly affect the number of
modes that propagate through the waveguide.

To begin simulating, a rib waveguide structure of a 500 nm rib and 170 nm tall slab was
created with a 60 nm Si layer, 3 ym 1 oxide layer and a silicon substrate added at the
bottom, a 1 ym SiO, cladding layer is placed on the waveguide. The width of the rib is
swept over a range of widths and simulated to look for modes present and their effective
refractive indexes. When designing the waveguides, the simulation was setup with the
metal boundaries and the size of the boundary was increased until it no longer affected the
effective index of the simulated mode. Single mode operation is found by sweeping the
waveguide width and plotting it against the effective index of modes present. When the
width was just small enough to support one mode, meaning only one TE and TM mode
have an effective index larger than the effective refractive index (N,y) of slab, this was
deemed single moded.

When checking the simulations post fabrication and characterisation, improvements to the
simulation were made which changed the resulting guided modes. Improvements to the
simulation included: matching the SiO, cladding to the waveguide geometery, changing
the SiO; cladding to match the fabricated thickness and increasing the amount of modes

searched for. A comparison of the old and new simulation setup is shown in Figure 5.8.

FIGURE 5.8: Left - the first design simulation structure. Right - improved design simulation
structure.
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A graph showing the swept waveguide width from both the old and new design is shown
in Figure 5.10. These improvements resulted in a guided TE mode being found that was
not before as the simulation only looked for 4 modes and would prioritise the fundamental
in the waveguide and modes in the silicon substrate, an image of the two TE modes is
shown in Figure 5.9. This can be seen as the N, of the slab and silicon substrate at this
wavelength is 2.405 and 2.938 respectively.

FIGURE 5.9: Screenshot from Mode Solutions Software showing two TE modes both of 3.8
pum light in a 1.4 ym wide waveguide. Left is the fundemental TE mode and the right is the
second TE mode.
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FIGURE 5.10: Sweeping the wavequide width and plotting the N, of modes at a wave-
length of 3.8 ym.

The fabricated waveguide widths with the old design which was used to create the
photodetectors and improved simulated single mode widths are compiled in the Table 5.2.
A compilation of the N,¢¢ versus waveguide widths for different wavelengths of input
light is shown in Figure 5.11

To prevent free-carrier absorption the doping regions are kept at a distance to minimise
overlap whilst also staying close enough to keep bandwidth high and reduce the
recombination of carriers before reaching the doped region. The distance of the N and P
doping was chosen by looking at the distance chosen in silicon defect mediated detectors



48 Chapter 5. Device design

Single mode conditions

Wavelength Waveguide Improved Junction distance

(ym) width (pum) Waveguide from rib edge
Width (um) (um)

3.80 14 0.8 1.4

3.50 1.3 0.7 1.3

3.20 12 0.5 12

2.90 1.1 0.5 1.1

2.60 1.0 0.4 1.0

2.30 0.8 0.3 0.8

2.05 0.7 0.3 0.7

1.95 0.7 0.3 0.7

TABLE 5.2: All waveguides above have a height and etch depth of 500 nm and 330 nm
respectively

which was often comparable to the waveguide width. For each photodiode designed in
this thesis the chosen seperation distance between rib waveguide and doped regions was
the width of the waveguide.

5.3 Implantation Simulations

5.3.1 P++ and N++ Implantation Simulation

The implantation simulations performed, involved the simulation of physically implanting
the ions and getting information of implantation depth and concentration. Electrical
simulations were not performed as defect characteristics are unknown and the creation of

a PN junction in germanium is standard.

The doping concentration of operational waveguide integrated germanium photodiodes
were noted from literature at 1x10%° ions/cm? (29). Therefore simulations were performed
using this detectors dimensions to target this same level of doping concentration at the
surface of germanium. This high concentration of dopants reduces the resistance between
the Ohmic contact and doped region, which is desirable for high speed operation.
Simulations were performed in a software called TRIM (the Transport of Ions in Matter)
and Silvaco (89) (90).

TRIM, where the stopping range of implanted elements is found is a Monte Carlo
simulation. A target material can be made up of defined layers of elemental or compound

materials. With the implantation of an element chosen and tilt and energy defined, the
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FIGURE 5.11: Graphs of waveguide width versus N, of modes present at wavelengths a)
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cascade of individual atoms begin. Each cascade can be followed but in this case it is more
important to see the behaviour over many atoms.

Silvaco is a software used to simulate the process of fabrication, e.g., material deposition,
annealing, etching. In this case it is used to double check the implantation. The same target
material stack, implanation energy and tilt angle is used as in the TRIM simulation.
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The images below show the implantation of P and BF,, see Figure 5.12 and Figure 5.13. For

the implanation of BF, the simulation was only performed in silvaco as TRIM can only

implant elements. A layer of SiO is included in the simulation since a capping layer of

SiO; will be deposited during fabrication prior to implantation.
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FIGURE 5.13: Screenshot from Silvaco for P doping. The silvaco simulation results are
shown on the left and the TRIM results are shown on the right.

The final implantation parameters chosen from simulations are shown in Table 5.3.

5.3.2 Defect Ion Implantation Simulation

Boron and germanium were chosen as the first ions to implant to create defects. This is

based off the successful results of using boron and silicon ions in defect mediated silicon
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Doping implantation parameters

Doping Energy Fluence Simulated Current Tilt

ion (KeV) (ions/cm?)  concentration  (uA) Angle
(ions/cm?)

BF, 40 1x10%° 1E19 10 7°

P 220 1x101° 2E19 20 7°

TABLE 5.3: Parameters chosen for doping performed at the University of Surrey Ion Beam
Centre.

detectors to create divacancies and self interstitial clusters (65). Boron was implanted first
and chosen to implant at fluences 1x10%°, 1x10'2, 1x10'* ions/cm? which covers a wide
range of fluences that were used as an implantation doses in silicon, e.g., implantation of
1x10"3 of boron in silicon (2), 1x10'? of silicon in silicon(65) and both 1x10'2 and 1x10'3 of

zinc in silicon (52).

After the implantation of boron, the successful application to the RADIATE project allowed
for more ion beam implantation time. The project was aimed at developing partnership
between ion beam facilities and research groups across different countries in Europe. The

partnership was with ETH Zurich and allowed more ions to be chosen for investigation

Germanium ions were also chosen for self implantation but at lower doses. It was known
at this point because characterisation of the photodiodes that used boron to create defects
that the higher implantation dose of 1x10'* ions/cm? was detrimental to responsivity using
boron ions and this also follows the doses from self-ion-implanted silicon detectors (65).

Heavy metal ions have been used to create subband photodetectors in silicon (52) (58).
Heavier metal ions, gold, mercury and copper were chosen to create defects as they are
known to create subband levels in germanium.

Simulations for the chosen ions where performed in TRIM and Silvaco using the same
procedure as before for PIN doping. A table of the selected ions and their implantation

parameters are shown in Table 5.4.

5.4 Photodiode Final Design and Chip Layout

5.4.1 Device design

While simulations allowed the majority of design decisions to be made other decisions

were made as follows:
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Ions, energies and fluences used to create defects

Implant Energy (MeV) Fluence (ions/cm?)

10on

B 0.070 1x10'0, 1x10'2 , 1x10'
Ge 0.750 1x10%°, 1x10™ , 1x10'2
Au 2 1x10'0, 1x10™ , 11012
Hg 2.2 1x10%°, 1x10'!, 1x10'2
Cu 0.650 1x10%9, 110!, 1x10'2

TABLE 5.4: All implants are implanted with a 7 degree tilt and the ETH Zurich implants a
22 degree twist angle

¢ Grating coupler width - Chosen to match the diameter of mode exiting the fibres

being used in experiments.

¢ Waveguide length - Chosen to be 4 mm for all photodiodes. While increasing the
photodiode length would also increase dark current it also allows for a longer
interaction length between the light and defects. Silicon defect mediated detectors
used lengths such as 6 mm (65), 5 mm (67), 3 mm (91) (92) and 2.5 mm (2). A length
towards the longer end of this range was chosen to maximise the chance that a signal
is detected, as this fabrication run is aimed at finding defects that produce a MIR

response.

* Ohmic contact material layers - Was informed by Dr Lorenzo Mastronardi who had
successfully used this recipe to create active germanium devices. The first layer of Ni
was deposited to form GeNi which reduces contact resistance, Ti was deposited after
to avoid metal diffusion and separate the Ni from the bulk Al layer which was

covered in Ti again to protect the surface (93).

¢ Ohmic contact pad size - By looking at the pitch of RF probes available in our labs
already, the pitch between the contact pads were chosen. The width of the square

pads were chosen to be larger than the probes.

* (S;) Distance between germanium rib edge and edge of metal vias -

The final device design for a completed photodiode is shown as a cross-section in
Figure 5.14 and from a top-down view in Figure 5.15.

5.4.2 Mask Design

With the simulations performed and design finalised; a digital mask layout must be drawn

for use in lithography. The mask layout was drawn digitally in a software called Tanner’s
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FIGURE 5.14: Diagram showing the top down preliminary design. Showing dimension
choices that need to be made for grating coupler. The various values for waveguide width
are listed in Table. 5.2.
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FIGURE 5.15: Diagram showing the top down preliminary design. Showing dimension
choices that need to be made for the grating coupler. The various values for waveguide
width are listed in Table. 5.1.

L-Edit (94). The mask was drawn using functions written in C++ that would be used to

draw components like grating couplers, waveguides, tapers. The functions contained

variables for parameters on the devices. i.e length of waveguide, period of grating coupler

etc. A complete photodiode layout would be created by using these functions in series.

5.4.3 Chip Layout

The complete chip layout is designed to group variants of the diode logically so specific
devices can be found easily. The chip separates the completed diodes and test structures

onto each half of the chip, shown below in the L-edit mask layout in Figure 5.16.
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The half with the completed diodes are then made up of 8 groups of detectors, these are
visually distinguished on chip by an indent at each group. Each of these groups are
designed to couple different wavelengths of light from 1.95 ym to 3.8um through their
optimised waveguide and grating coupler designs, the different parameters of which are
described earlier in this chapter in Table 5.2 and Table 5.1. Within each of these 8
wavelength specific groups are 6 photodiodes, each of which are have been implanted
along the length of the waveguide at different lengths: 0 mm, 0.85 mm, 1.70 mm, 2.55 mm,
3.2 mm and, the full length of the diode, 4 mm. These subgroups allow the spectral
response and the effect of the amount of defects on the photodiode to be investigated.
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FIGURE 5.16: Completed chip layout in L-edit. Showing how the chip is divided into
test structures and diodes, then divided by wavelength dependance and finally their total
implanted length.

The other half of the chip containing test structures are similarly divided into 8 groups
where the devices are designed to couple light from 1.95 ym to 3.8 um, see Figure 5.17.
Within each of these groups there are a number of different devices used to probe variants
and help characterise the final design at that wavelength. Figure 5.17 shows what the

structures in each group are designed to investigate:

Red group: This group has variations on the final photdiode design. There is a device
without metal contacts and three other diodes to investigate the effect of varying the
distance between the rib waveguide and doping regions. One diode with the designed

distance and another two, one larger and another one smaller by 100 nm.

Green group: This group contains three straight waveguides for measuring propagation
loss at the wavelength of the group. It contains a 4 mm long waveguide, a 2 mm long
waveguide and a structure with no waveguide, only the grating couplers connected to

each other.
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FIGURE 5.17: Image of the chip layout in L-edit of the test structures. These structures
are divided into the wavelengths they can couple. The highlighted section shows the tests
tructures in more detail and is explained below.

Yellow group: This group contains three 4 mm long waveguides for propagation loss

measurements.

Blue group: There are 9 structures that are composed of two joint grating couplers. The

central structure has the same grating coupler design as the final photodiodes of the same

wavelength design and the other 8 surrounding it have variations in the pitch and duty

cycle to investigate which design resulted in the most efficient transmission.

5.4.4 Wafer Layout

The final chip design described above was fabricated on a two 6 inch wafer and repeated

on a 3 x 14 grid with the final step, ion implantation to create defects, differing from chip to

chip, shown in Figure 5.18. This allowed the investigation of ion implantation parameters

listed above in Table. 5.3 and Table 5.4.
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6” Wafer

3 x 14 chips

FIGURE 5.18: Illustration of one the final wafers, showing the repeated chip design that
was desribed above. Having this many chips allowed for variations in ions and their dose
to be investigated.

5.5 Summary

This chapter gave a description of the design process for the photodiode. This was to select

dimensions for a rib waveguide PIN photodiode on a germanium on SOI platform.

The dimensions for the detectors optical guiding components, grating couplers and
waveguides, were simulated using Lumerical software. Simulations were first performed
to find suitable single mode waveguide conditions, later improved simulations found that
the chosen waveguide dimensions were actually multimoded and suggested new single
mode waveguide dimensions. The grating coupler simulations were performed after to
find the most efficient design in coupling free-space light into a waveguide. The
simulations performed to find grating couplers that could operate over 1.95 - 3.8 ym found
designs with efficiencies of between 38 and 51 %. These simulations were performed again
with improvements using the fabricated dimensions and found efficiencies of X and Y %
for the grating couplers designed for operation at X and Y um respectively.

Literature informed the choice of ions to create defects and through the use of TRIM and
Silvaco, simulations were also performed to find the ion implantation paramenters for the
P and N doped regions as well as for implantating ions to create defects. The remaining
device parameters such as the grating coupler width, waveguide length, Ohmnic contact

material layers and contact pad size were chosen through literature.

With the device parameters described the chapter then went on to describe the mask
design, in terms of the layout of devices on each chip and how each chip is used to
investigate the implantation of different ions to create defects and the effect of different

implantation doses.
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Chapter 6

Fabrication

This chapter describes the fabrication steps performed in creating the germanium
photodiodes for this project. Fabrication of the devices was performed by myself, Ali
Khohar who performed E-beam lithography and Wei Cao who helped performing rapid
thermal annealing (RTA). Ion implantation was performed at the University of Surrey Ion
Beam Centre and Zurich ETH.

6.1 Step 1: Creating the Wafers

Fabrication of the detectors was performed on two 6” germanium on SOI wafers, allowing
the creation of many devices which would allow more ion implantation parameters to
investigated. Using two wafers also provides a backup in the event a wafer is irreparably
damaged during fabrication. The wafers used are the same as those used in a paper by A.
Osman et al., involving the creation of a suspended MIR germanium waveguide (13). To
create the germanium on SOI wafers, a 220 nm Si on 3 ym SiO, SOI wafer (manufactured
by SIMGUI) (95), was firstly thinned to 60nm by wet oxidation through dry oxidation for
26 hours at 1000° C, the resulting 430 nm of formed SiO, was then wet etched with a 7:1
dilution of hydrofluoric acid. This silicon layer acted as a seed layer for subsequent
germanium growth. The growth of 500 nm of germanium was performed using reduced
pressure chemical vapor deposition (RPCVD) by semiconductor componany, IQE.

6.2 Step 2: Creating Waveguides and Grating Couplers

The waveguides and grating couplers were created in the same lithography step as they
had both been designed with a 330 nm etch to reduce the number of fabrication steps. An
overview of the lithography process is described in section 3.1.2. To prepare for E-beam

resist spinning, the wafers were put in a 210 °C oven and left for at least 2 hours at a time
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to dehydrate the wafer, this was done before each E-beam resist spinning step, including
those following in this chapter. E-beam resist ZEP520 was spun on the wafers to the
thickness of 500 nm. Following that, ESPACER was also spun on the wafers to an
unspecified thickness that covers the surface of the wafer, ESPACER is a highly conductive
compound that allows charge to dissipate during the E-beam writing stage which could
result in pattern placement errors if ESPACER was not used. E-beam lithography was
performed using a ‘Jeol JBX 9300 E-beam writing system’. Once complete, the ESPACER
was washed off with deionised water (DI) and the wafers were placed in ZEDN50 for 2
minutes 15 seconds and gentely shaken to develop the ZEP, then placed in isopropyl
alcohol (IPA) for 30 seconds to clean the wafers. Once developed, the wafers were dry
etched by RIE-ICP using a Plasmalab 80 plus, the process of which is described in section
3.3.1. The etching was performed in multiple stages to try etch as accurately to 170 nm slab
thickness as possible although in the likely event that the desired etch depth was not
reached precisely, simulations were performed to ensure there was not an order of
magnitude change in coupling efficiency in the event of over or under etching by 20 nm.
The depth was measured after each etch stage with ellipsometry using a Woollham
M2000D Ellipsometer which gave an estimate of the etch rate. Once the wafers were
etched by 330 nm and the remaining E-beam resist was removed, a cap of 25 nm thick SiO,
was deposited by PECVD using a OPT Plasmalab System 100 liquid source PECVD, to
prevent the growth of native Ge oxide. The process of PECVD is described in section 3.2.1.
A cross-section of the photodetector rib waveguide region after the completion of these
processes is shown in Figure 6.1.

Varying width

———————

SiO, cap

Si02 BOX

FIGURE 6.1: Diagram of the rib waveguides after the lithography and etching along with
the parameters at this stage. A thin layer of SiO, is on top.
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6.3 Step 3: P and N Doping

The next step is to add regions of P++ and N++ doping. To prepare the wafers for
lithography that will pattern the wafers with doping windows; the wafers were spin
coated with 600 nm of ZEP650K and ESPACER and the windows were written using the
E-beam. After being irradiated the ESPACER was again washed off with DI water and the
resist developed in ZEDN50 for 2.5 minutes and IPA for 1.5 minutes. This lithography step
resulted in one window that will allow one side of the rib waveguide to be exposed to P++
type doping. The doping was added to the wafers using ion implantation, the process of
which is described in section 3.3.3. The wafers were sent to the University of Surrey Ion
Beam Centre as the University of Southampton cleanroom does not have ion implantation
capabilities. The wafers were implanted with BF2 at an energy of 40 keV, a dose of 1E15
ions/cm?, a 20 pA current and a 7° tilt to achieve a simulated concentration of 1E20
ions/cm? at the germanium surface. Once the P doping was completed and the wafers
were sent back to Southampton, the E-beam resist was removed in an O; plasma.

The same process is performed again to create windows for the implantion N doping. To
prepare for lithography, another 600 nm of ZEP650K and ESPACER were spun onto the
wafers. The wafers were then exposed to E-beam radiation and again developed to reveal
windows on the other side of the rib waveguide. The N doped regions are targeted to
reach a similar concentration as the P doped region and to achieve this, the wafers were
implanted with phosphorus ions at 20 keV with a dose of 1E15 ions/cm?, at a current 10
HA and a tilt of 7 °. After this, similarly to the P doping, the E-beam resist was removed
again using the plasma asher. The damaged SiO, was then removed via wet etch using 20:1
HF for 30 seconds and a new SiO, cap was deposited at a thickness of 50 nm using PECVD.
RTA was performed at 600 °C for 2 minutes using a ‘Jipelec Jetfirst 200 Rapid Thermal
Annealer’ to activate the dopants and afterwards, a second anneal was performed at 300
°C to help passivate the surface of the germanium. Another 50 nm of SiO, was deposited
at this stage to protect the wafers from the metal deposition step that followed. The device

cross-section is shown in Figure 6.2, showing the new SiO, cap and doped regions.

6.4 Step 4: Creating Ohmic Contacts

To create the metal vias, lithography was performed again to create windows in E-beam
resist to allow the etching of germanium to create metal vias. ZEP and ESPACER was spun
onto the wafers, E-beam lithography was performed and then the resist developed with
ZEDND50 and IPA. To etch the metal vias SiO, was etched in the RIE-ICP and the ZEP was
then removed in the plasma asher. When creating the Ohmic contacts, to allow the
deposited metal to be easily removed from the wafers, a double layer resist of

PMMA /MMA was spun onto the wafers as a E-beam resist. First 200 nm MMA was spun
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|

Si02 BOX

FIGURE 6.2: Cross-section of the device after P and N doping, a larger capping layer of
Si0O; is also deposited.

at a RPM of 2.5K and then baked at 150 °C for 2 minutes then 150 nm PMMA was spun at
6K after and baked at 180 °C for 2 minutes. E-beam lithography again was used and the
resist developed in a 1:1 mix of IPA and MIBK (methyl isobutyl ketone). Following the
development, an O, descum recipe was performed in the RIE-ICP and a quick 2-5 second
rinse of 20:1 HF. This allows a clean contact of metal with germanium before a native oxide
forms. Metal evaporation was performed using the ‘Leybold Lab 700 e-gun evaporator” to
deposit 30 nm thickness of Ni, 10 nm thickness of Ti, 200 nm thickness of Al and 60 nm
thickness of Ti. The process of metal evaporation is described in section 3.2.2. Once
removed from the evaporator the wafers were left in containers of in NMP
(1-methyl-2-pyrrolidinone) for 2 days to allow PMMA /MMA to fully lift off. When most
of the metal had lifted off the wafers were cleaned using IPA. A cross-section of the device
at this stage is shown in Figure 6.3.

6.5 Step 5: Defect Implantation

As the chips are not designed with alignment marks on them, lithography can only be
performed on the wafer scale. Thick 900 nm ZEP was spun on one of the wafers and a final
E-beam lithography step was drawn to reveal the implantation windows on the diodes. To
prepare multiple chips for implantation, the wafers need to be diced into separate chips,
which would require a layer of S1813 to protect the wafer from saw dust.

To test covering a wafer with ZEP and S1813, they where both spun on test chips first. The
temperature and time of the baking were varied between room temp and 70 °C. However
all of these tests failed, with all of the tests resulting in cracked or sticky S1813. Thus, to
divide the wafer, the wafer was cleaved instead of diced, sacrificing some chips as shown
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10.5 um

Si02 BOX

FIGURE 6.3: Cross-section of the device after the creation of metal vias and deposited metal
contacts.

in Figure 6.4. The wafer was cleaved into groups of 2-3 chips. Each of the cleaved
segments contained 3-4 chips, except for a small piece at the end that was left unimplanted
to compare implanted chips against. The other parts were sent to the Ion Beam Centre in
Surrey and implanted at a dose of 1x10'?, 1x10'? or 1x10'* ions/cm? with boron ions at an
energy of 70 keV at a current of 10 #A. Once implanted and returned the chips were placed
in a anisole for 5 minutes with gentle shaking to remove the thick E-beam resist. S1813 was
spun on top at 3k RPM to protect the surface of the chip from dust created during the dice,
the 51813 was baked at 110 °C. The 3 implanted pieces were diced into smaller, 0.75 x 1.8
mm chips. Finally, the 51813 was removed from each individual chip and they were ready
to be characterised, see Figure 6.5 for the final device cross-section.

After the completed fabrication of the boron implanted devices, more chips were cleaved
from the wafer to implant with ions and doses as detailed in 5.4. The chips were coated
with 900 nm of ZEP and sent to Zurich to receive implantation. Each ion and fluence
combination was performed on one chip where as multiple chips were exposed to a
specific dose of the boron implantation.

No chips were exposed to annealing after the final stage implantations. This would allow
the chips to be characterised first and annealed after so that an investigation of the optimal
annealing temperature can be found.
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6” Wafer

E EEEEEEE
) E ===
Tga_lL'_Jll_'_’L'J

56,7 10,11,12 13

Dose
Implanted 1E14 1E12 1E10  Not Implanted
3x14chips | e===- Cleaved Line

FIGURE 6.4: A diagram showing the wafer layout and the cleave line locations and the
resulting chips that where exposed to each dose of boron implantation.
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FIGURE 6.5: Final cross-section of device, showing the area of the device implanted with
chosen ions to create defects.

6.6 SEM Images

Once the fabrication was complete, scanning electron microscope (SEM) images of the
detectors were captured, see Figure 6.6, Figure 6.7, Figure 6.8. These images show that the

fabrication was successful.

In Figure 6.6, this SEM image shows the cross-section of a photodiode designed for 3.8 ym
operation with a 1.4 ym wide waveguide. The doped regions are shown in red and blue.
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From this image the thin 60 nm Si seed layer is visible.

In Figure 6.7, this SEM image shows Ohmic contact pads with a waveguide running
through. The 5 ym bias etched region around the waveguide to create the rib structure is

visable as well as an adjacent photodiode.

"\ si seed
Ge waveguide layer

Si substrate

FIGURE 6.6: Image of the cross-section of a 3.8 ym photodiode.

FIGURE 6.7: SEM image showing the grating coupler designed for coupling 3.8 um light.
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FIGURE 6.8: Image of Ohmic contact pads.

6.7 Summary

This chapter described the fabrication process in creating the final photodiodes. Two 500
nm germanium on SOI wafers were used to fabricate devices on. On each wafer, the same
processes took place. The first being the E-beam lithography used to create the waveguides
and grating couplers. After which, the wafers were prepared and sent to the University of
Surrey Ion Beam Centre to implant dopants, boron and phosphorus to create P++ and N++
doped regions. Once returned the wafers both received annealing to activate the doping.
To create Ohmnic contacts vias were etched within the SiO; and germanium and then
through metal evaporation layers of nickle, titanium and aluminium were doposited.
Finally, one of the two wafers were cleaved into subsets of chips to be implanted with ions
at both the University of Surrey Ion Beam Centre and ETH Zurich to create defects within

the rib waveguide.
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Chapter 7

Experimental Results

This chapter presents the characterisation of photodiodes and their DC performance at 2
pum and 3.8 um as well as their RF performance at 2 yum. All experiments were performed
at room temperature. This chapter is divided into 6 sections:

Details and specifications of experimental equipment used.

¢ Passive measurements at 2 ym and 3.8 ym.

2 ym DC measurements and experimental setup.

3.8 ym DC measurements and experimental setup.

2 ym RF measurements and experimental setup.

An investigation of the photodetection mechanism.

7.1 Experimental Equipment Details

This section covers the details and specifications of the equipment used in the

experimental setups.

7.1.1 Lasers - Light Sources

The 2 ym light source was provided by a fibre coupled Thorlabs 2 ym laser diode
(FPL-2000-PM1550). The laser operates at a centre wavelength of 2 ym =+ 20 nm with a
rated 15 mW typical output power. The laser is driven typically at 400 mA and can be
driven up to 500 mA maximum. The thermoelectric controller (TEC) is used to keep the
diode at a typical specified temperature of 25 °C. To drive the diode at the specifications

listed above, a Thorlabs laser driver and temperature control mount was used (CLD 1015).
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The 3.8 um light source is a quantum cascade laser (QCL) from Daylight Solutions. It is
tuneable over 3.71 - 3.90 ym. In these experiments the QCL was operated in a continuous
wave mode and the laser has a maximum output power of 150 mW at the peak operating
wavelength of 3.8 ym.

7.1.2 Optical Power Sensors

For measuring optical power of 2 ym light, a Thorlabs Power Sensor (S148C) was used. It
has a spectral range from 1200 - 2500 nm and has a responsivity of 2 mA /W at 2 ym. The
optical power working range spans from 1 yW to 1 W. The response time is 1 s and a
resolution of 1 nW.

For measuring 3.8 ym light two power sensors were used a Thorlabs S401C10 thermal
power sensor and a Vigo Systems HgCdTe PVI-4TE-4 photodetector. The Thorlabs power
sensor covers a spectral range from 190 nm to 20 ym. The optical power working range
spans from 10 yW to 1 W with a resolution of 1 yW and a response time of 1.1 s. The Vigo
Systems HgCdTe PVI-4TE-4 photodetector was used in conjunction with a chopper and
lock-in amplifier (to reduce bandwidth and noise floor allowing for a larger signal to noise
ratio). It has a spectral range from 2.2 — 4.2 ym and a peak responsivity of 1 A/W at 4 ym.

7.1.3 Polarisation Control

The grating couplers designed for these photodiodes are polarisation dependant so to
optimise the amount of light coupled into the coupler, polarisation controls to control the
polarisation of incoming light are used for 2 ym and 3.8 ym light.

The grating couplers polarisation dependence can be seen from the phase matching
condition of a grating coupler:

konegs = konesing + qZXn (7.1)

where k, = 2 and A is the wavelength of light, 7, s and 7. is the effective refractive index
of the grating and the refractive index of the cladding respectively, A is the pitch of the
grating coupler, q is an integer, 0 is the angle of output light that is normal to the grating
coupler (96).

The 1,57 term in this equation is different for TE and TM light and the effect of this is that
for TE and TM light the resultant optimum coupling angle is different.

The polarisation control of 2 ym light, uses a Thorlabs Manual Fibre Polarization
Controller filled with a 2 ym Fibre Optic Patch Cable (Thorlabs SM2000 1.7 - 2.3 ym)
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looped 6 times, to allow both half and quarter wave control of the polarisation through the
creation of stress induced birefringence in the fibre. Manual control of the paddles allowed
the maximisation of TE light transmission through the devices and thus more optical
power to the diode.

The 3.8 um laser emits TM polarised light and to maximise the optical power into the
diodes the polarisation is controlled using an Altechnanti-reflection coated cadmium
thiogallate half-wave plate which was inserted in the free-space path of the beam to allow
as much light to be coupled as possible.

714 Lock-In Amplifier

The lock-in amplifier (Signal Recovery SR7265 lock-in amplifier) was used to reduce noise
in the measurement of 3.8 ym light. It operates over a frequency range of 1 mHz to 250
KHz. It is used in conjunction with a chopper placed in the path of the 3.8 ym free-space
laser, which modulates the optical light at a frequency that can be detected by the lock-in
amplifier, i.e., 444 Hz.

7.1.5 Ammeter and Voltage Source - Keithley 6487

The Keithley 6487 was used as the ammeter and voltage source for active measurements. It
is able to take readings 1000 times per second. It can provide a voltage up to 10 V with a
voltage resolution of 0.2 mV and can measure a current up to 20 mA with a current
resolution of 10 fA. The Keithley is controlled via a python script to automate current

measurements over a changing voltage.

7.1.6 RF Signal Generation

For modulating the 2 ym light a lithium niobate optical intensity modulator (Photline
Technologies MX2000-LN-10) was used. It operates over wavelengths between 1900 nm
and 2200 nm. It has a typical electro-optic 3dB bandwidth of 12 GHz.

To provide an electrical RF signal to the modulator a signal generator (Agilent E8257D PSG
Analog Singal Generator) providing a pseudo random bit pattern was used, alongside a bit
pattern generator (SHF 12104A). The signal generator can create signals with frequencies
between 100 MHz and 67 GHz. The bit pattern generator can generate bit patterns from 3 -
64 Gbps
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7.2 Test Structures

Test structures allow the function of individuals components of a photodiode device to be
probed, which is useful for separating the loss of the grating coupler from the loss of a
whole photodiode, or the propagation loss of a waveguide from loss from the doping of
metal absorption in a photodiode. There are test structures designed at each wavelength
on each chip alongside the photodiodes, as described in section 5.4.3. This section will
describe the measurements of insertion loss and propagation loss taken using these test
structures.

7.2.1 Insertion Loss

Insertion loss accounts for the optical power loss that occurs as the light is coupled from
free-space into the detector i.e., the grating coupler and taper waveguide. The insertion
loss associated with each photodiode is measured and accounted for when calculating
responsivity later in this chapter. To find the insertion loss, a test structure comprising two
grating couplers and tapers is used, see Figure 7.1.

a)
Grating coupler and
taper waveguide
Optical power is Want a value
measured before for optical
entering grating coupler power here
b)
GC Taper Taper GC

Test Structure

FIGURE 7.1: a) Complete photodiode is shown to visually explain the importance of inser-
tion loss b) Diagram showing that the test structure (on bottom) used for finding insertion
loss caused by a single grating coupler and taper.

To find the insertion loss, the light entering and exiting the test structure is measured and
the loss of a test structure, Lossrg, is found as,
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Lossts = 10 x Logio( Pin ) (7.2)
P out
where P;, is the optical power entering the structure and P, is the optical power exiting
the structure. The loss attributed to a single grating coupler is found by comparing power
into the structure to power out and dividing by two. However because a fibre is used to
guide the light from the output of the device to a MIR detector (see Figure 7.2), the loss of
this fibre should be accounted for to isolate the loss to just a single grating coupler and
taper. The loss of the fibre is found by measuring optical power in and out of the fibre and
using Eq. (7.2). The equation then used to calculate the loss on a single GC and taper,
Losscc, is

LossTg — LossFo)
2

Lossgc = ( (7.3)

where Losspo is the loss of the fibre coupling light between the grating coupler and MIR
detector.
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FIGURE 7.2: Diagram showing the test setup for insertion loss. The light source, polarisa-
tion control and MIR detector are changed to create a 2 ym and 3.8 ym system.

The 2 ym and 3.8 ym light is coupled through the structure and transmission is maximised
by carefully aligning the fibres. Polarisation control is also optimised to allow the
maximum possible power through the structure. The power entering and exiting the fibre
between the MIR detector and test structure is also measured to account for its loss in the
system. The insertion loss is measured and calculated on each chip and for each
wavelength used, as variations may occur over the different chips.
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7.2.2 Insertion Loss Results

A table of insertion losses are calculated and shown below in Table 5.1.

1.95 ym 2.05 ym 3.8 ym

Loss (dB) Angle Loss(dB) Angle Loss(dB) Angle
) ) ©)

Chip 10 10.004 16.0 9.14 3.2 18.00 16.0
Chip 12 10.8 16.0 113 3.3 9.41 16.0
Chip 2 - - 20.6 3.2 - -
Chip 34 10.80 16.0 16.8 3.2 - -
Chip 56 10.32 18.6 8.85 4.0 - -
Chip 7 9.84 18.6 8.55 4.0 - -

TABLE 7.1: Losses calculated on a single GC + tapers for different chips, wavelengths and
grating couplers.

For the grating couplers designed for 1.95 pym, the angle with the highest transmission was
around 17 degrees and the grating coupler loss was generally around 10 dB. The variation
in loss was likely down to angle chosen, alignment inaccuracies, fabrication errors,
equipment errors (the angleometer used had an error of + 1 °. For chip 2 there are no test
structures at 1.95 ym, this is because when the wafers were cleaved, the bottom of some
chips were also cleaved off due to the cleaving line not being perfectly horizontal. For the
responsivity of the devices in chip 2 the loss was assumed to be 10 dB as the angle used

was at 16 °.

For the grating couplers designed for 2.05 ym, the optimum angle was at around 3 degrees

and a slightly lower loss compared to the 1.95 and 3.8 ym grating couplers.

Finally the 3.80 ym optimised couplers, were used at fibre angle 16 degrees. The
wavelength dependence of the grating coupler loss between 3760 and 3880 nm was also
found. The peak efficiency centred around 3.82 ym. Fluctuations in this graph are caused

by fibre vibrations changing the power entering the structure, see Figure 7.3.

7.2.3 Propagation Loss

The propagation loss of the waveguides was measured using a cut back method, by
calculating the relative loss through 3 waveguides of different lengths. The 3 lengths of
waveguides are 0, 2 and 4 mm. The 2 and 4 mm long waveguides are normalised to the 0
mm one by substracting the power through the 0 mm waveguide from the 2 and 4 mm
long waveguide transmission. By doing this, only the transmissions of the waveguides are
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FIGURE 7.3: Loss of grating coupler and taper combined versus wavelength of light from

a) chip 12 b) chip 10.

required for calculating loss. The propagation loss is then found as a line of best fit through

a scatter graph of the normalised loss (dB) versus the waveguide length (cm), giving a

value of propagation loss in dB/cm.

At 2 ym the light is guided through the 700 nm wide rib waveguides and the tranmission
is measured using a Thorlabs S148C Photodiode Power Sensor. The normalised

transmission through the waveguides is plotted versus length and propagation loss is
calculated using a line of best fit (Figure 7.4) giving a value of 12.4 dB/cm for the
propagation loss and £ 3 dB/cm being within the 95% confidence interval.
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FIGURE 7.4: Graph showing propagation loss at 2 ym.
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At 3.8 um the light is guided through the 1400 nm wide rib waveguides. The transmission
is measured using a Vigo Systems HgCdTe PVI-4TE-4 photodetector, chopper and lock-in
amplifier. The normalised transmission through the waveguides is plotted versus length,
and propagation loss is calculated using a line of best fit, (Figure 7.5) giving a value of 17.0
dB/cm for the propagation loss, with a 95 % confidence interval of & 2.4 dB/cm.
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FIGURE 7.5: Graph showing propagation loss at 3.8 ym.

7.3 Responsivity

The first active measurement performed was of the responsivity at 2 ym light just above
germanium bandgap. Afterwards the responsivity of the diodes at 3.8 ym was found. A
list of the parameters investigated using chips of different implantation doses and diodes
of various lengths implanted with defects are listed below.

Effect of implantation fluence on responsivity.

Effect of implanted length of detector on responsivity.

Reproduciblity of measurement and values.

The measurement of responsivity using different grating coupler designs to couple
same wavelength, to verify reproduciblity.

7.3.1 Experimental Setup for DC Characterisation at 2 ym

A diagram of the experimental setup used for DC characterisation is shown below, see
Figure 7.6.
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FIGURE 7.6: Diagram of 2 ym setup. Solid black lines show fibre connections and dotted
line shows electrical connections.

The device under test (DUT) is viewed using a camera with magnification and a monitor.
The DUT is positioned under the camera using a 3-axis stage to control its position. The 2
pum light source is a Thorlabs FPL-2000-PM1550 laser diode that is coupled into
single-mode Thorlabs SM2000 patch cable. This fibre is looped and placed within a
Thorlabs manual polarisation, to control polarisation of light entering the photodiode.
After, the light is coupled into polarisation maintaining fibre (P3-2000PM-FC-2 fibres). The
ends of this fibre are striped and cleaved and placed in an angle controled mount. The
mount is on a 3 axis stage allowing the fibre to be carefully positioned above the device’s
grating couplers to a micrometer scale accuracy. To couple light out from the chip another
polarisation maintaining fibre (P3-2000PM-FC-2) is cleaved, mounted and placed on a
stage as the previous fibre. For optical power measurements, this output fibre is used to
couple light into a MIR photodiode (Thorlabs $148C Photodiode Power Sensor). For the
electrical measurements, a ground and source DC probe are placed in 3-axis stages and are
connected to a Picoammeter/Voltage source (Keithley 6487 Picoammeter/Voltage source)
to allow for the measurement of current and supply of voltage to provide a reverse bias.
The picoammeter is connected to computer via GPIB cable which allows python scripts to

automate voltage sweeps and current measurements.
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7.3.1.1 Results at 2 ym

First, the responsivity for varying photodiode implantation length was measured. This
was initially done to find which length of boron implanted photodiode resulted in the best
responsivity. This was repeated over three different implantation doses and the
photodiode had no reverse bias applied. To perform the measurement 2 um light was
coupled into the photodiode and both the photocurrent with light on and off were
measured with the light off value being subtracted from the laser light on to find the net
photocurrent (A). The optical power of light entering the devices is measured using the
Thorlabs S148C power sensor placed directly under the cleaved fibre outputting light. To
account for the insertion loss it is measured using the same fibre angle, directly before or
after the active measurement for the insertion loss to most accurately match the
photodiode. This loss is applied to the optical power to give a value for the power entering
the photodiode, as described in section 7.2.1. The responsivity in A/W is found by
dividing the net photocurrent by the optical power entering the photodiode. The
responsivity for detectors of different implanted lengths over 3 different implantation

doses is shown below in Figure 7.7.

The three graphs show the responsivity versus implanted length of the photodiode for
three boron implantation doses, 1x10'4, 1x10'? and 1x10'? ions/cm? in a), b) and c)
respectively. The 4 curves on each graph distinguish between the grating coupler design
used and from which chip the detector is from. By comparing graphs a) b) and c) it can be
seen that the 1x10'* ions/cm? implantated devices has the lowest response and 1x10'2 and
1x10'* had a similar response with 1x10'? ions/cm? being slightly lowest. In graphs a) and

b) there is a slight downward trend as the implanted length increases.

From Figure 7.7 it can be seen that unimplanted detectors have the largest responsivity of
up to 0.17 A/W. These results were taken with no reverse bias applied. Knowing that the
unimplanted devices are the most responsive the next measurement was to measure IV
curves of the unimplanted photodiodes to learn about their behaviour over different
reverse bias voltages. The measurement process is the same as before however instead of
operating at 0 V, the Keithley ammeter/voltage source is scripted to sweep the voltage
from 0 to 10 V over 100 points and measure the current at each of those points. The IV
curve is measured with light on and off. The insertion loss is accounted for when plotting
the responsivity. The graph below in Figure 7.8 a) show graphs of responsivity versus
reverse bias voltage of two unimplanted photodetectors and Figure 7.8 b) shows the
photocurrent of both detectors when illuminated and dark. The successful high
responsivity of these devices prompted further investigation into the spectral response and

the responsivity at 3.8 ym was measured next.
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FIGURE 7.7: Graphs of responsivity versus the defect implanted length of 4 mm long pho-
todiode at a) 1x10'* b) 1x10' and c) 1x10'? ions/cm?. Within each of these graphs the
curves depict which chip and GC (grating coupler) design was used.

7.3.2 Experimental Setup for DC Characterisation at 3.8 ym

The experimental setup for DC characterisation at 3.8 ym is shown in Figure 7.9. As a 3.8

pm light source it uses a Daylight Solutions QCL laser with a tuneable wavelength

between 3.71 to 3.90 um. A chopper is placed in the free-space path of the laser output
allowing the light to be modulated so that it can be recognised by the lock-in amplifier and
an Altechna anti-reflection coated cadmium thiogallate half-wave plate for rotating the
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odes from two different chips b) shows the illuminated and dark current curves used when
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polarisation is also placed in the free-space beam. Mirrors are used to direct the beam
through the chopper and half wave plate while aligning it to the collimator to maximise
coupling from free-space into patchcord fibres. The free-space beam from this laser is
finally collimated into single mode Thorlabs InF3 fibre using a ZnSe lens.
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FIGURE 7.9: Diagram of setup used for measuring responsivity at 3.8 ym.

Similarly to the 2 ym setup, InF3 fibres are cleaved, mounted and placed apon on a 3 axis
stage where their position and angle relative the chip can be changed. Another cleaved
tibre mounted on stage is used to couple and guide light from the chip to an external MIR

detector. Two MIR detectors were used for measuring the optical power of 3.8 um light,
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one being a Thorlabs S401C10 thermal power sensor, which could directly measure the
optical power and is used for measuring the power entering the photodiode, and the
second is a Vigo Systems HgCdTe (MCT) PVI-4TE-4 photodetector, which was used for
free-space alignment.

7.3.3 Results at 3.8 ym

The process of measuring the IV curves at 3.8 ym is the same as those for 2 ym, light is
coupled into the photodiode and the optical power into the device is measured. The
insertion loss is calculated using this optical power and the photogenerated current, which
is calculated using the illuminated and dark IV curves. The results of the responsivity of
an unimplanted detector at 3.8 ym are shown in Figure 7.10, where a) show IV curves of
two unimplanted photodetectors and Figure 7.10 b) shows the photocurrent of both
detectors when illuminated at 1.1 mW and when dark.

The dark current is very high compared to the photocurrent (i.e. 0.372 A at -7 V), higher
than when measured at 2 ym. The grating coupler insertion loss was measured to be 9.4
dB. Despite the high dark current a responsivity of 0.1 A/W is calculated from these

curves at -7 V reverse bias.

7.4 RF Characterisation at 2 ym

To investigate the viability of the detectors for telecommunication applications the speed
of the detectors were measured. There are two types of bandwidth measurements
performed, both at 2 ym as these were the only available modulators possessed. The first
measurement was the electro-optic bandwidth curve and the other was looking at eye
pattern of that same detector at a high speed. Both of these experiments were performed

on unimplanted devices.

7.4.1 Experimental Setup for measuring Electro-optic Bandwidth

The setup used for measuring electro-optic bandwidth can be best thought of as the optical

setup and electrical setup and a diagram of the setup is shown in Figure 7.11.

The optical setup consists of a 2 ym light laser diode, Thorlabs FPL-2000-PM1550, driven
by a laser diode CLD 1015. The light is then coupled into a 2 ym optical modulator
(MX2000-LN-10) after which coupled into a polarisation control paddles created using
looped single mode 2 ym fibres (Thorlabs SM2000 fibre). To direct the light onto the chip,
the fibre is cleaved and placed in a fibre mount apon a 3 axis stage, allowing it to be moved

to a micron scale precision above the grating coupler.
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FIGURE 7.10: a) Graph of responsivity versus reverse bias voltage for a photodiode at 3.8
um b) Plots the illuminated and dark curve used when calculating the responsivity in a).

The electrical setup revolves around the use of the VNA (Agilent N5225A). The VNA
signal out port is connected a 40 GHz electrical cable to the modulator to provide the
modulated electrical signal. The next part of the electrical setup is measuring the
modulated photocurrent from the photodiode and feeding this into the VNA. An RF probe
(40A-GS-125-DP picoprobe) is connected to the photodiode contacts. A bias tee (Dual bias
tee - Picosecond Labs) is connected directly to the probe and to separate the DC and RF
components. The DC connection on the tee is connected to a picoammetre and voltage
source, where a reverse bias can be provided to the photodiode. The RF connection of the
tee is connected to two amplifiers in series, with each amplifier connected to its own
voltage supply, before being reconnected to the VNA, see Figure 7.11.
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FIGURE 7.11: Diagram of setup used for measuring electro-optic Bandwidth.

7.4.1.1 Electro-optic Bandwidth Results

This graph shows the electro-optic Bandwidth (EO) response for the an illuminated and
non-illuminated photodiode, using 0 and 2 amplifiers. Because of the nature of the 2 ym
modulator the electrical response of it couldn’t be calibrated and accounted for, the

measured bandwidth is shown in Figure 7.12.

While there are large differences between the illuminated and dark curves even at high
frequencies, the 3 dB bandwidths of both curves are fairly low, less than 1 GHz. There are
also large spikes which could possibly be attributed to reflections from impedance not

being matched between connections.

7.4.2 Eye Pattern

Due to the limits of the last measurements, an eye pattern of the unimplanted diode was
measured. Improving on the last experiment by calibrating where possible and focusing

on the less noisy, higher frequencies.
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FIGURE 7.12: EO Bandwidth measured on VNA using 0 and 2 RF amplifiers with the mod-
ulated light turned on and off.

7.4.2.1 Experimental Setup for Measuring Eye Pattern

The setup used for measuring the eye pattern is almost the same as the setup used for
measuring the bandwidth, see Figure 7.13 for a quick overview.

The optical setup consists of a 2 ym light laser diode, Thorlabs FPL-2000-PM1550, driven
by a laser diode CLD 1015. The light is then coupled into a 2 ym optical modulator
(MX2000-LN-10) after which coupled into a polarisation control paddles created using
single mode 2 um fibres (Thorlabs SM2000 fibre). To direct the light onto the chip the fibre
is cleaved and placed in a fibre mount apon a 3 axis stage, allowing it to be moved to a

micron precision scale above the grating coupler.

The electrical setup uses a signal generator (Agilent E8257D PSG Analog Singal Generator)
and bit pattern generator(SHF 12104A) to provide the RF signal to the modulator. To read
the modulated photocurrent from the detector. An RF probe (40A-GS-125-DP picoprobe) is
used to connect to the detector. A bias tee (Dual bias tee - Picosecond Labs) is connected
directly to the probe. The DC connection on the tee is connected to a picoammetre and
voltage source, where a reverse bias can be provided to the photodiode. A Keysight
DCA-X 86100D (digital communications analyzer) is used to read and display the RF
signal from the device, it is provided a trigger from the bit pattern generator.
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FIGURE 7.13: Experimental setup used to find the eye pattern diagram of the device.

7.4.2.2 Eye Pattern Results

To investigate the highest possible symbol rates of the photodiodes, 5 tap linear
feedforward equalization was adopted on the DCA and the resulting open eye diagram is
shown in Figure 7.14. The signal to noise ratio of the measured eye is 4.8 with an
amplitude of 2.8 mV. This eye pattern included calibrations accounting for the 6 dB

attenuator, RF cable and bias Tee.

Attempts to measure an open eye patterns above 12.5 Gbits/s at both 15 and 20 Gbits/s

proved unsuccessful, both of these values returned closed eyes.

7.5 Photodetection Mechanism Investigation

As seen in graphs in Figure 7.7 from the DC responsivity at 2 ym, it is apparent that the
added defects caused by boron implantation are not enhancing the responsivity but
hindering it instead. This leaves the actual photodetection mechanism unclear as
germanium does not inherently absorb light above 2 ym. To deduce what the
photodetection mechanism could be, experiments are performed to investigate
possibilities, including, two photon absorption, germanium strain and finally by

comparing the measurements to literature.
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Measurement Current Minimum Maximum Count

| SNR F2 481 474 481 1M
Eye Ampl F2 2816 mV 2798 mv 2816 mv 101
Bit Rate F2 12.50 Gbis 12.50 Gbls 12.50 Gbis 101

FIGURE 7.14: Open eye diagram from a unimplanted photodiode using modulated 2 ym
light.

7.5.1 Two Photon Absorption

Two photon absorption is a non-linear process where electron excitation energy is provided
from two photons simultaneously, and so is more likely with more light intensity, which is
why the probability of two photon absorption scales with the intensity of light squared.
Two photon absorption could possibly allow absorption in an otherwise transparent
material, as long as the wavelength is less than 2 times the band edge wavelength.

Therefore the linearity of the relationship between the photocurrent and optical power is
investigated within the unimplanted devices at both 2 ym and 3.8 ym, using the same DC
setup in sections 7.3.1 and 7.3.2. The optical power entering the device is swept and at each
interval the current is measured, no reverse bias is applied. The photocurrent measured is
plotted against optical power and a line of best fit is plotted to investigate linearity, see
Figure 7.15. In Figure 7.15 an approximately linear relationship can be seen for both 2 ym
and 3.8 um light, indicating that two photon absorption is unlikely to be the cause of
absorption within the photodetectors.

7.5.2 Metal and Doping Absorption Loss

A paper by Zhao et al. demonstrated a 5 mm long photodiode with a 0.25 A/W
responsivity using a 5V reverse bias at 1960 nm. They suggest that the enhanced
responsivity is from defect mediated absorption caused by PIN formation. They deduced
this by investigating the optical loss caused by PIN structure by comparing it to the loss of
the waveguide and found a loss of 3.8 dB/mm and 1.6 dB/mm respectively (97).
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FIGURE 7.15: A photocurrent versus optical power of light entering graph for a) - 2 ym
light b) - 3.8 ym light.

A similar comparison was performed using the photodiodes and waveguides from this
project. The transmission of 3.8 ym light through waveguides, waveguides including
doping and complete photodiodes (with doping and metal contacts) were performed to
investigate the individual contribution of loss from metal contacts and doped regions. This
was repeated over 3 sets of loss structures to gather an average value of loss over each of
the devices. Compared to the waveguides, waveguides with doping had a 0.1 dB smaller
loss and the photodiodes had a 0.7 dB higher loss. This indicates an insignificant
additional loss was provided by the doping and metal contacts of the photodiode.

7.5.3 Effect of strain on Bandgap

In unstrained intrinsic crystalline Ge, the responsivity beyond 2um in a detector would be
very low as the absorption coefficient at 2.0 ym wavelength is smaller than 0.1 cm !, and
at 3.8 ym wavelength this is even smaller as at this wavelength the energy is far smaller
than germaniums indirect bandgap (98). However, it is known that tensile strain within
germanium can increase the responsivity of detectors beyond the band edge, by shifting
the germanium band edge to longer wavelengths (99).

To investigate the possibility of strain being the source of photodetection, the strain in the
photodiodes is measured. To do this, the Raman spectra from the photodiode chip and a
pure germanium wafer (to act as an unstrained reference) were measured using an inVia
Renishaw Raman Microscope system. On both the germanium wafer and detector chip, 40
measurements of the spectrum where taken at various points across the surface. The
values of the measured Ge-Ge peaks in both the germanium wafer and chip were plotted
on a histrogram and a Lorentzian function is plotted against them to find a peak position,
see Figure 7.16.
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FIGURE 7.16: Graph showing a histogram of Ge-Ge peaks measured on a pure germanium
wafer and this project’s Ge-on-SOI chip.

The peak positions are 302.10 cm ! with a standard deviation of 0.14 cm™~! for the pure
germanium and 301.19 cm~! with a standard deviation of 0.09 cm ! for the photodiode
chip, resulting in a shift of -0.91 cm ™! and in turn a tensile strain of 0.22 %. This was

calculated using the linear relationship,

A
Ae = 29 (7.4)
b
where € is the strain, w is the wavenumber and b is the strain shift coefficient, which is
assumed as 407 cm ™! from a paper by R. Anthony et al. where the strain is similarly

calculated for a germanium waveguide integrated detector.

With the value of Ae found, the change of the bandgap energy was found by using a
theoretical model of biaxial strain versus bandgap energy from Y. Niquet et al. (100). The
change in bandgap energy was then calculated to be -0.037 eV when averaged over three
crystal orientations. By applying this shift in the bandgap to an absorption spectrum of
germanium, an optical loss at 2 ym is found to be 11 dB/cm; this is a similar value to the
propagation loss measured in the waveguides measured at 2 ym of 12.4 dB/cm. From this,
the majority of the detection at 2 um could be explained by induced strain. However, it is
unlikely to be the cause of absorption at 3.8 ym because a band edge shift of -0.037 eV
would be far too small to produce sufficient absorption at this wavelength.
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The defects may have been created during wafer growth. This assumption is made based
from TEM images gathered from devices from other members of our group (101). The
TEM images looked at the germanium/silicon boundary of a Ge-on-Si samples with 3 m
thick Ge layer on Si substrate which was fabricated using the same method described in
section 6.1. In the images they found that there was a high density of threading
dislocations in germanium in the first 100 nm from the boundary. However, more

investigation will be required to fully determine the cause of photodetection.

7.6 Summary and Discussion

In this chapter the results of characterising the fabricated photodiodes that were implanted
with boron to create defects were presented. These results lead into an investigation of the

photodetection mechanism at 2 and 3.8 ym.

To accurately calculate the responsivity of the detectors, the insertion loss caused by the
grating coupler and a taper was measured before each responsivity measurement. The
insertion loss measured was 8.8 and 10.8 dB for PD 1 and 2 respectively when measuring
the 2um IV curves and 9.4 dB for the photodiode measured at 3.8 yum. Waveguide test
structures of varying length were measured to find the propagation loss, resulting in a
measured loss of 12.4 £ 3 dB/cm within the 2 ym waveguides and 17.0 £ 2.4 dB/cm in the
3.8 ym waveguides.

The characterisation of detectors began by looking at the responsivity with no reverse bias
at 2um, specifically, finding the effect of responsivity with a changing length of the
waveguide that was implanted with different doses of boron at 1x10'” ions/cm?, 1x10'2
ions/cm? and 1x10™ ions/cm?. It was found that by implanting 1x10!° ions/cm? of boron
there was an insignificant change in responsivity when fully implanted compared to an
unimplanted device. When implanting at a dose of 1x10'? ions/cm? there was an
approximate change of 0.02 A/W between an unimplanted detector and a fully implanted
detector. Finally, using an implant dose of 1x10'* ions/cm? resulted in a change of
responsivity of an order of magnitude from unimplanted to the full length being

implanted.

By performing this measurement it was found that introducing boron didn’t add defects
that enchanced the photoresponse but did show that the unimplanted photodiode
presented an unexpectedly large response. The performance of the detectors without
boron implants where investigated further by gathering IV curves. Using unimplanted
photodiodes the reverse bias was swept from 0 to 10 V collecting the photoresponse at
each point and a maximum responsivity of 1.04 was found at-10 V in PD1 and 1.08 A/W
at-9.3 Vin PD2. An IV curve was measured again at 3.8 ym from a reverse bias of 0-10 V

and resulted in a maximum responsivity of 0.1 A/W at a bias of -7 V.
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To investigate the usefulness of the photodiodes for telecommunication applications the
electroptic bandwidth was measured at 2 ym. A measurement of the bandwidth over 0 - 50
GHz resulted in reflections caused by the impedance between the photodiode and probe
not being matched. So instead an eye pattern diagram was measured using a
psuedorandom bit pattern of increasing data rates until the eye closed. An open eye
diagram was captured at 12.5 Gbps.

The chapter concludes with a section of the investigation into photodetection mechanism
as the generated photoresponse in the detector was shown not to be caused from the
implanted boron ions. The investigation involved measuring the linearity of the device’s
response with changing optical power to look for two photon absorption, any additional
optical loss caused by the addition of metal contacts and pn doping to investigate if the
mechanism was caused by processes in the PN junction formation, and measuring the
device strain to see if that shifted the bandgap of germanium. The devices were found to
have a linear response ruling out two photon absorption as the cause of the photoresponse.
It was also found that there was an insignificant change in optical loss with the addition of
metal contacts and doping being added. Finally, the device strain was measured and
found to be 0.22 % which may be responsible for the majority of absorption at 2 ym but
does not explain the response at 3.8 ym which may have been caused by defects at the
silicon/germanium boundary.
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Chapter 8

Conclusions and Future Work

8.1 Conclusion

This thesis covered the design, fabrication and characterisation of MIR waveguide

integrated photodiodes using a germanium on SOI platform.

To create high volume, inexpensive devices capable of performing sensing and freespace
telecommunications, the field of silicon photonics aims to create MIR photonic integrated
circuits (PIC). Using a silicon substrate allows the use of existing foundries and mature
fabrication methods to create high volumes of devices. Within a self contained lab on chip
or transceiver, a detector is required. To minimise the cost of the devices, a detector that
can be monolithically integrated is required. Current monolithic detectors capable of MIR
detection include defect mediated silicon detectors and photodiodes made of
germanium/tin although both lack responsivity in the 3-4 ym region where absorption
spectra of chemicals and low loss atmospheric windows reside for sensing and free-space
telecommunication applications respectively. Introducing defects into the silicon bandgap
can extend the spectral response from 1.1 ym to 2.5 ym (2). As germanium has a smaller
bandgap i.e., a longer cut off wavelength than silicon, the same principle could be used to
extended the response of germanium further. The project of this thesis became to

investigate the possibility of a defect mediated germanium photodiode.

To design these photodiodes, research of silicon defect mediated detector designs were
explored; from this, a rib waveguide was used as a base design as defects can be localised
to the waveguide where guided light will overlap with added defects. Grating couplers
were chosen to input light into the detector for alignment ease. Therefore, multiple
photodiodes were designed allowing coupling, guiding and detection of 7 wavelengths
between 2 and 3.8 ym. Simulations were performed to find parameters of a waveguide
that will guide a single mode for each of the 7 wavelengths and also to find parameters of

grating couplers that allowed for maximally efficient grating couplers. To create defects
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within the photodiode, boron, germanium, mercury, copper and gold ions were implanted
at high energies into the rib waveguide and the ions chosen for investigation were
implanted at 3 doses, to investigate the effect of dose on responsivity.

The detectors were fabricated in the University of Southampton cleanroom. The first step
was to etch the waveguides and grating couplers by 330 nm. Then to implant the N and P
dopants the wafers were sent to Surrey Ion Beam Centre and implanted with phosphorus
and BF2 to create a concentration of 1E19 and 2E19 ions/cm? near the boundary Ohmic
contact and germanium. Next the Ohmic contacts were deposited in a layered stack of 30
nm of Ni, 10 nm of Ti, 200 nm of Al and 60 nm of Ti. Finally the wafer is diced into chips
and sent to Surrey Ion Beam Centre again to be implanted with boron ions at fluences of
1x10'%, 1x10'? and 1x10™ jons/cm? and also to Zurich ETH to be implanted with Ge, Au,
Hg and Cu at fluences of 1x10'°, 1E11 and 1x10'? ions/cm?.

When characterising the effect of the detectors implanted with boron it was found that the
detectors without added defects exhibited the largest response and a responsivity larger
than intrinsic germanium. Further measurements where taken to discover the extent and
repeatability of this finding. IV curves where the reverse bias of the detectors where swept
from OV to -10V found a responsivity of 1.08 A/W at 2 ym using a 1 0V reverse bias and
0.1 A/W at 3.8 ym using a 7 V reverse bias. These results are superior to other monolithic
waveguide integrated defect mediated detectors and waveguide integrated Ge/Sn
detectors in terms of responsivty and the spectral range. The waveguides created to guide
2 and 3.8 ym had losses of (12.443) dB/cm and (17+2.4) dB/cm respectively. The grating
couplers designed for use at 2 ym has an insertion loss of 8.8 dB and 10.8 dB, and at 3.8 ym
aloss of 9.4 dB.

The RF response was also measured to quantify it’s suitability for telecommunications
applications. The electro-optic bandwidth was measured and this suggested that the
devices were responsive up to 25 GHz but the devices were not impedance matched. This
resulted in parasitic reflections which obscured the true electro-optic bandwidth so the 3
dB bandwidth could not be obtained but did provide a proof of principle. To investigate
the data rate possible the devices where provided with a signal modulated with a 12.5

Gbps pseudorandom bit sequence using 2 ym light and an open eyediagram was obtained.

Finally an investigation into the photoabsorption mechanism was performed to deduce the
cause of absorption above the bandgap of instrinsic germanium. It ruled out two photon
absorption as a linear relationship between the photocurrent and optical power of light
was found. It ruled out that the defects were created during the addition of metal and
doping regions as a negligible difference in loss of 0.1 dB and 0.7 dB after adding metal
and doping respectively. The strain was also measured and resulted in a 0.22 % tensile
strain by comparing this againgst biaxial strain versus bandgap energy graphs a bandgap
shift of -0.037 eV is assumed. This shift would resultin a 11 dB/cm loss at 2 in the devices

and is comparible to the 12.4 dB/cm loss found at 2 ym in the waveguides measured in



8.2. Future Work 89

this thesis, therefore strain may account for most of the absorption at 2 ym but can not at
3.8 ym.

8.2 Future Work

Currently these detectors are suitable as power monitors in photonic integrated circuits
because of their high responsivity at 2 and 3.8 ym which outperforms other monolithic
waveguide integrated photodetectors. To use these detectors for other applications, such
as sensing and free-space telecommunications, the repeatability of fabrication, which
would involve identifying how the photoactive defects are introduced, and how to

integrate it into a complete circuit should be considered.

To identify which defects are responsible for absorption, deep level transient spectroscopy
(DSTL) could be performed to learn more about whether defects are responsible for
absorption at 3.8 ym and give information about the energy level of the defects present
which would help deduce the defect source. Also by measuring the response of the
devices above 2 ym the indirect band gap edge may be visible and used to confirm that
strain is the main absorption mechanism at that wavelength range. If enough information
about the absorption mechanism is learned, a simulation model of the devices could be

created and used to optimise the device structure.

For sensing applications, PIC are already being made that could allow chemical sensing
that are being made using silicon on insulator rib waveguides (102). Therefore, it would be
useful to investigate the possibility of incorporating this projects germanium photodiodes
into silicon circuitry which could be used in conjunction with silicon on insulator
waveguides which are transparent up to 4 ym. A silicon circuit could be designed with
windows for the growth of germanium. Proof of this functioning would be especially

powerful, as the waveguides in this thesis have high loss due to absorption.

An important characteristic in sensing is the NED, a characteristic which describes the
signal power needed to provide a signal to noise ratio of 1 over a 1 Hz bandwidth.
Therefore a device with a lower NEP is able to measure smaller changed in spectra.
Therefore the NEP of these devices would need to be measured and optimised through
design changes. To lower the NEP of the device, the dark current should be reduced and
the responsivity increased. The dark current can be reduced by removing defects in the
device that do not contribute to the photocurrent and are a source of trap assisted
recombination. This can be done by investigating the effect of annealing on dark current
and responsivity. To decrease the dark current, the length of the devices can be reduced.
Although there is a trade off in this length, as a shorter device has less length for
interaction between the light and defects but a shorter device would also reduce the dark
current. An investigation could include fabricating devices with a range of lengths to find

the optimal length. Also, the device should be improved to increase responsivity so a
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shorter length of photodiode can be used. To improve the responsivity the mode overlap
with defects should be maximised, the distance of the Ohmic contacts from the rib
waveguide should be optimised and an avalanche mode design should be investigated. By
investigating the responsivity of the other devices implanted with Ge, Au, Hg and Cu it
may be found that another defect results in a larger responsivity because of more efficient
absorption. Another parameter that should be investigated when designing these devices
for sensing is the spectral range of the detector. Methane has spectral absorption features
at 3.3 ym and at 4.2 ym there are carbon dioxide features. So at these wavelengths the
responsivity and NEP should be measured. There are devices on the chip that can be
cleaved to allow light to be butt coupled in at 4.2 ym and there are existing devices with
grating couplers at 3.3 ym.

When considering the devices for telecommunications applications the bandwidth
measurement should be repeated and optimised. During this project the electro-optic
bandwidth was measured, however, due to parasitic reflections the 3 dB bandwidth could
not be measured. To improve the measured bandwidth Ohmic contacts should be
designed to 50 Ohms impedance so that it can be easily impedance matched with
bandwidth read out circuits. The Ohmic contacts could also be designed to try lower
resistance which would increase the bandwidth of the device. Another factor that impacts
the bandwidth of the devices is the distance between the rib waveguide and doped region.
There is a tradeoff between bandwidth speed and signal loss. A short distance would
decrease the drift distance increasing speed but more light would overlap with the doped

region causing free-carrier absorption.

These photodiodes prove promising as detector solutions to sensing and
telecommunications and provide a high responsivity detector that could be monolithically
integrated into PIC using a silicon substrate, where limited solutions exist, this can be seen
in Table. 8.1. The fabrication of these devices require no extra steps to that of a non defect
mediated germanium photodiode and to integrate onto silicon would only require the
growth of germanium which keeps cost lower when fabricating the detectors on a mass
scale. Where other detectors which aim to act as responsive MIR detectors like graphene
and III-V semiconductors require extra fabrication steps like bump bonding in the case of

[II-V and manual exfoliation for graphene which is a slow, low yield method.
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TABLE 8.1: Integrated MIR Sub-band Photodetectors

Type  of Responsivity  Bias Spectral Band- Year  Ref
Implant Range width
Sitin Si upto10A/W upto-20 1.1-1.75um  35GHz 2009  (55)
\%
Bt inSi 0.3A/W 30V 2-25um 15 GHz 2015  (49)
Sit in Si 9.9 mA/W -5V 22-235um 1.7 GHz 2014  (56)
Se™ in Si 25 mA/W 3V 09-1.6 um N/A 2011 (57)
Au~inSi  EQE 10* 5V 22 ym N/A 2014  (58)
ZntinSi 87 mA/W 20V 22-24uym N/A 2014  (52)
Au”inGe 0.25mA/W ov 2-3um N/A 2020  (53)
Defects in 1 A/W -10V 2-3.8um 12.5 Gb/s 2022  This
Ge Work
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