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Abstract

Short wave infrared light has multiple applications across the fields of imaging,
telecommunications, and defense. Photodetectors for use in this spectrum usually require
expensive and rare materials such as InGaAs, Ge, or HgCdTe. By hyperdoping silicon with
gold, the optical absorption cutoff wavelength can be extended from 1100 to 2500 nm,
allowing silicon to replace these materials, leveraging the robustness, maturity, and know-
how of the silicon microfabrication industry. This effect arises due the introduction of an
intermediate band within silicon’s 1.12 eV bandgap. However, gold hyperdoped silicon is
metastable, which must be considered to avoid gold segregation. A process flow for
creating silicon-based short wave infrared photodetectors was designed and executed.
Three device layouts were designed, named the Teeth, Corner, and Busbar design. The
process flow was desighed for industrial compatibility, avoiding the use of electron beam
lithography and ion implantation of transition metals. Microfabrication work was done at
the University of Ottawa’s NanoFab, except for ion implantation done commercially and
pulsed laser mixing work done at Benet Laboratories in Watervliet, New York. External
quantum efficiency and |-V measurements under 1310 nm laser illumination were

performed on fabricated devices.
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Chapter 1 Introduction

Silicon is one of the most useful elements to humanity. It forms the backbone of the
electronics industry, it is frequently used to make alloys in the metallurgy industry, and it is
presentin our everyday lives in the form of concrete and ceramics. This is all for good
reason: Silicon is the second most abundant element in the Earth’s crust. Generally, itis
found mixed with the most abundant element in the Earth’s crust, oxygen, as silicon
dioxide (SiOy). Itis of no surprise that humanity has dedicated considerable amounts of
time and effort to discovering new ways to use silicon and its compounds, from the earliest

rock tools to the newest cutting-edge computer chip.

Itis unsurprising that silicon finds uses in the modern photonics industry [1]. Silicon
based photodetectors are the standard for visible light detection, silicon solar panels are
the dominant commercially available photovoltaic technology for terrestrial applications,
and finally, most optical fibers are made from silica glass. However, there are things that
silicon cannot do. The bandgap of silicon is 1.12 eV [2], which corresponds to a cutoff
wavelength of 1100 nm: it is transparent at longer wavelengths. The usual operating
spectrum of silicon photodetectors is 400 to 1100 nm. Photodetectors for longer
wavelengths require narrow bandgap materials [3]; such as germanium (Ge), indium
gallium arsenide (InGaAs), or mercury cadmium telluride (HgCdTe). These materials can be
expensive, brittle, or toxic, limiting their applications. On the other hand, silicon is

affordable, durable and nontoxic.



The portion of the electromagnetic spectrum from 1000 to 2500 nm is known as the
short-wave infrared (SWIR) spectrum. This spectrum has multiple applications across the
fields of imaging, telecom, and defense. For example, many things that are opaque to
visible light are transparent to SWIR (such as monocrystalline silicon), allowing it to see
through barriers that visible light cannot. While there are many applications that would see
benefits by incorporating a SWIR detector, the required materials and processing
capabilities to produce them are prohibitively expensive. Developing a silicon-based SWIR
photodetector has the potential to open several new markets and applications in areas

previously limited by economic unfeasibility.

1000
.| '
B |
P A
~100 abb
X
9 N
=2
o S
o 10
o b
c
= ~S
o J
e <
o —Qe:Gastressed
1 -
0.1
0.1 1.0 10 100 1000

Wavelength (um)

Figure 1.1: Common infrared detector materials by spectral response and operating
temperature. As wavelength increases, operating temperature decreases. Adapted from
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Note that the operating temperature of infrared detectors gets lower as wavelength
increases. This is because photodetectors based on narrow bandgap materials have large
amounts of dark current, which overwhelms the desired infrared signal. Cooling the
photodetector mitigates this but requires bulky cooling devices or a supply of cryogenic
substances such as liquid nitrogen/helium. Infrared photodetectors based on hyperdoped

silicon can be operated at room temperature.

Extending the absorption edge of silicon requires shrinking its effective bandgap.
One way to do this is by hyperdoping, the process of incorporating dopants far beyond the
solid solubility limit. This is generally done using pulsed laser mixing (PLM), a technique
similar to laser annealing. Typically, dopants used for hyperdoping come from the
transition metals or the chalcogens. These materials would normally be considered
contaminants in a standard silicon foundry due to their ability to introduce deep level
electronic traps into silicon’s bandgap, however, when used for hyperdoping, the electronic
traps transform into an intermediate band. This intermediate band enables the two-photon
absorption mechanism, effectively extending the absorptive spectrum of silicon into the
SWIR. Gold in particular is valued as a hyperdopant element due to its favourable diffusion
speeds and segregation coefficient in silicon [4]. Several other elements have been studied

as well for hyperdoping silicon.



Table 1.1: Commonly studied elements for hyperdoping.

Hyperdopant Type Source

Gold Transition metal [4]1, [5], [6]
Titanium Transition metal [61, [7]
Tellurium Chalcogen [61, [8], [9]
Sulphur Chalcogen [6], [10]
Selenium Chalcogen [61, [11]

Nitrogen Pnictogen [6], [12]
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Figure 1.2: Periodic table of the elements, with some of the elements studied for
hyperdoping of silicon indicated with a black border. Gold, the hyperdopant of choice for
this work, has a gold border. Element lists derived from [4] and [6], figure adapted from
[13].



Gold in particular has been extensively studied as a method of carrier lifetime
control[14] and is the hyperdopant of choice for this work. Generally, gold is considered an
unwanted common contaminant in silicon due to the electron and hole traps it introduces
at 0.58 and 0.35 eV above the valence band [15] and its proximity to silicon as a contact
metal. The acceptor trap is close to the middle of silicon’s bandgap, which allows it to act
efficiently as a recombination center. This central trap state is desirable for intermediate
band formation, as it extends the absorption edge of silicon effectively. However, gold has
low solid solubility in silicon at room temperature, necessitating specialized processes
such as pulsed laser mixing (PLM) to achieve optically active concentrations. Furthermore,
gold is a potent carrier lifetime killer in silicon: carrier lifetimes in gold hyperdoped silicon
are generally shorter than 1 ns [16]. This process comes with its own difficulties and

technical considerations, which have been evaluated and accounted for in this work.

The objective of this research is to design and execute a process flow for creating a
SWIR photodetector using gold hyperdoped silicon. The process flow emphasizes
repeatability, throughput and industry compatibility. For example, previous works for
creating hyperdoped silicon devices introduce the hyperdopant to the silicon via ion
implantation. However, in an industry setting, transition metals and chalcogens are
forbidden elements in the ion implanters due to contamination risks. This work deposits
the hyperdopant as a thin film using electron beam evaporation, which is suitable for use in
industry. Finally, pulsed lasers are already commonplace in the microfabrication industry

[17], which would allow the pulsed laser mixing process to be carried out.



This thesis predominantly focuses on the microfabrication aspects of the process.
The process flow designed and performed for this work consists of 5 processes: Alignment
mark etching, ion implantation, rear contact deposition and anneal, pulsed laser melting,
and top contact deposition and anneal. Figure 1.3 provides a visual summary and a cross

section of the device as it is being fabricated.

} | |
DR M

Initial Wafers iti i
Initial Etchmg Rear Contact
Ion Implant Ti/Au
Pulsed Laser Melting Top Contact

Al

Figure 1.3: Process flow summary used in this work for fabricating gold hyperdoped

silicon photodetectors.

Chapter 2 of this thesis will cover background topics necessary for understanding
the work in this thesis. This includes the theories of semiconductor electronic behaviour,
photodetector devices, PN diodes, deep level traps, Shockley Read Hall recombination
(SRH) and intermediate bands. It will also include background information on fabrication
processes such as physical vapour deposition (PVD), wet and dry etching chemistries,
photolithography, silicon metallization and ohmic contacts, ion implantation and desired

shallow state dopant profiles. Validation techniques such as ellipsometry, profilometry,
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atomic force microscopy (AFM) and the transfer length method (TLM) will also be

discussed.

Chapter 3 outlines the design methodology of the photodetector chip, how layouts
were chosen to investigate the effects of dopant mixing and if the short carrier lifetime can
be mitigated using interdigitated dopant structures. Substrate doping and ion implantation
energy selection will be discussed as well, with the corresponding simulations. Etch

chemistries and metallization recipe selection will be discussed.

Chapter 4 details the development of the fabrication process, such as experimental
etch rates, mask development and production, ion implantation energy selection,
metallization selection, and validation procedures for each process. Process validation
results will be shown, such as specific contact resistivity measurements for metallization
recipes and experimental etch rates. Photodetector characterization results will be
presented as well, such as external quantum in the SWIR spectrum and dark current

measurements as well as I-V measurements under 1310 nm laser illumination.

Finally, chapter 5 will conclude this thesis with some discussions as well as

avenues for future works.



Chapter 2 Background Information

This chapter will contain background information required for understanding the
work in this thesis. Section 2.1 contains background knowledge on the nature of crystalline
semiconductors, section 2.2 describes the recombination mechanisms of electron hole
pairs, section 2.3 presents the alteration of the electronic bands at PN or metal-
semiconductor junctions as well as an introduction to the operation mechanism of
photodetectors. These sections combined will provide a background understanding of
standard photodetectors. Next, section 2.4 discusses gold hyperdoping and pulsed laser
mixing in greater detail, along with the technical considerations required. Section 2.5
discusses microfabrication processes, many of which were used to produce the devices to
be discussed in chapter 3. Section 2.6 discusses validation techniques used during the
process flow to perform quality assurance after each step during the process flow. Finally,
section 2.7 will briefly describe Monte Carlo simulations, which are used to model the ion

implantation process used for this work.

2.1 Theory of Solids

As the name implies, a semiconductor is a material that conducts electricity
“sometimes.” The ability to control this “sometimes” using doping, light or electric
potentials is what allows for the creation of semiconductor devices. While this is an
oversimplification of how semiconductors operate, it serves as a good starting point for the

theory of solids.

2.1.1 Crystalline Materials

Semiconductors are generally composed of monocrystalline materials, that s,
materials made up of atoms arranged in structured and repeating lattices [18]. This
repeating lattice provides a volume for electrons to roam around, allowing for the
modification of the material’s electrical conductivity. Crystalline materials exhibit different
properties depending on how the lattice is oriented: for example, some crystallographic

planes in silicon are known to be more resistant to etching techniques than others. As
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wafers, round disks of material used as a starting substrate for microfabrication, are often
crystalline, selecting appropriate crystal parameters is an important part of planning a

process flow.

Each crystalline material can be characterized by the primitive cell of the lattice, the
basic unit whose repetition forms the lattice. The shape of the primitive cell is generally
determined by the elements present within the lattice. In silicon, each atom needs to bond
to four other silicon atoms, which gives rise to the diamond cubic crystal structure. This
crystal structure is shared with other group 14 elements such as germanium and carbon,

due to their shared chemical bonding rules.

Figure 2.1: Diamond cubic unit cell of silicon. Each silicon atom has four neighbours,
and the side length of the cube, or lattice constant, is 5.43 A, or 0.543nm. Figure taken
from [18].

The orientation of lattices are characterized by using Miller indices, a sequence of

three numbers that indicate where the crystallographic plane intersects with the
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coordinate axes. Each Millerindex is the inverse of the intersection point: for example, a
Miller index of (x, y, z) means that the plane intersects the coordinate system at 1/x, 1/y and
1/z. Most silicon wafers are cut along either the (100) or (111) planes. Photonic and logical
devices are fabricated on (100) wafers, while some MEMS devices are fabricated on (111)

wafers. Silicon wafers have wafer flats cut along the (110) plane.
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Figure 2.2: Schematic of the most common crystallographic planes for microfabrication

purposes. Taken from [2].

2.1.2 Energy Bands in Semiconductors

A distinct property of semiconductors is the clear separation of allowed energy
levels for electrons. As many atoms are brought together in a lattice, lower energy electron
orbitals merge to form a continuous band of possible electronic states, known as the
valence band. At absolute zero, all electrons would be locked within the covalent bonds of
the lattice and the valence band would be completely full. As the band is full, electrons
would have no adjacent empty electronic states to move to, meaning they cannot

contribute to electrical conduction. Thus, at absolute zero, silicon behaves as an insulator.

The same merging happens to the higher energy orbitals, which produces the

conduction band. At absolute zero, this band is empty as all electrons occupy lower energy
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electronic states in the valence band. As the semiconductor heats up, random thermal
vibrations in the lattice have a chance to thermally excite trapped electrons from the
valence band to the conduction band. Excited electrons now in the conduction band have
multiple available adjacent electronic states, so they are free to move around and thus
contribute to electrical conduction. Furthermore, excited electrons leave behind a free
electronic state that adjacent electrons can now move to. As valence electrons move to fill
this new free electronic state, they leave behind their previous electronic states that other
electrons can move to, and so forth. This empty electronic state, known as a “hole,”
behaves a positively charged quasi-particle that also contributes to electrical conductivity.

This combination is known as an electron-hole pair (EHP).

However, a key characteristic of semiconductors is that between the valence and
conduction bands, no valid electronic states exist. This feature is known as the bandgap. To
excite an electron from the valence to the conduction band, the electron needs to receive
sufficient energy to cross the bandgap. The bandgap of a semiconductor depends on the
elemental composition of the semiconductor, with heavier elements having smaller

bandgaps. In silicon, the bandgap is 1.12eV (1.8 x 107 )).

Conduction Band

. ° ®

Valence Band

Figure 2.3: Photoexcitation of an EHP. A photon with energy hf > E, excites an

electron from the valence band to the conduction band. In the presence of an electric

field, they separate, providing a measurable current.
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This is why the electrical conductivity of semiconductors is highly variable. As the
population of free charge carriers increases, the conductivity of the bulk semiconductor
material increases as well. Carriers can be generated by thermal excitation, meaning that
as the conductivity of semiconductors is directly proportional to temperature. This is in
opposition to metals, whose conductivity is inversely proportional to temperature.
However, charge carriers can be excited by other forms of energy as well. A photon with
more energy than the bandgap can create an EHP, causing semiconductors under
illumination to have higher conductivities than semiconductors in the dark. This process,
known as photoexcitation, is exploited to create light detecting devices such as

photodetectors and photoresistors.

2.1.3 Fermi Level

The Fermi level is another important parameter to consider. It is defined as the
energy level at which an electronic state has a 50% chance to be occupied at equilibrium if
one exists. By extension, at absolute zero no occupied electronic states exist above the
Fermi level. This value is material dependent, and comes up in the Fermi-Dirac distribution

[13]:

f(E) = oE—Ep/KT 1 {

Where f(E) is the probability of an electronic state at energy E being occupied, kis

Boltzmann’s constant, T is the temperature, and Er is the Fermi level of the material.

For semiconductors and insulators, the Fermi level is normally at the center of the
bandgap, while in metals, the Fermi level exists within the conduction band. As a result,
metals have partially filled conduction bands even down to cryogenic temperatures, while

semiconductors do not.

The Fermi level is important for describing the shape of the bands when electrically
dissimilar materials are brought together. In a material system, the Fermi level must stay

continuous throughout the system, which causes the electronic bands to bend at material
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junctions. The shape of this bending and the resulting electronic band structure can be
used to predict and model the performance of a semiconductor device. This bending even
applies to the same bulk material of dissimilar doping types, as P type doping shifts the
Fermi level towards the valence band while N type doping shifts towards the conduction

band.

2.1.4 Doping

Permanent charge carrier populations can be created by intentionally introducing
impurities into the semiconductor lattice, known as doping. In silicon, trivalent elements
such as boron or gallium are known as acceptors as they accept an extra electron to form
four covalent bonds, integrating themselves into the silicon lattice. Similarly, pentavalent
elements such as phosphorus or arsenic are known as donors, as when they integrate
themselves into the silicon lattice by forming four covalent bonds, they donate the extra
electron. Acceptor and donor elements generate a permanent populations of holes and

electrons, respectively.

In the context of energy bands, impurities introduce electronic states into the
bandgap. Acceptor/donor elements create states close to the valence/conduction bands
respectively and are desired to create a permanent charge carrier population. On the other
hand, most elements create states deep within the bandgap and are undesired as the deep
states interfere with device performance. As a rule of thumb, shallow states are within 3kT
of either the valence or conduction bands, where k is Boltzmann’s constant and T is the

temperature. At room temperature (300K), this is roughly 0.075 eV.
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Figure 2.4: Electronic states introduced into the bandgap of silicon by dopant element.
Solid rectangles indicate donor states, while empty rectangles indicate acceptor states.
Taken from [19].

As standard dopants introduce donor or acceptor states close to the conduction or
valence bands, it can be assumed at room temperature that all the states become
thermally ionized. This means that the carrier concentration in doped semiconductors is
equivalent to the concentration of dopant in the semiconductor. The carrier concentration
in the absence of dopant is known as the intrinsic carrier concentration (n;), which plays a
role in determining the equilibrium concentrations of carriers in doped semiconductors. At

equilibrium, the carrier concentration of a doped semiconductor follows the equation:
np = Tliz

Where n is the free electron concentration and p is the free hole concentration. For

silicon, the intrinsic carrier concentration isn; = 101%cm™3[15].

2.1.5 Direct and Indirect Bandgaps

Not all bandgaps are made equal. It is not sufficient for an electron to move to a new
electronic state in the conduction band by gaining the difference in energy alone. For a
state transition to occur, the crystal momentum of the states needs to match as well. Such
semiconductors are known as indirect bandgap semiconductors, meaning that the highest
energy state in the valence band and the lowest energy state in the conduction band have

different crystal momentums associated with them. As a result, excitation of a valence
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electron requires both the energy of the bandgap and the crystal momentum difference be
provided. Momentum is generally provided via phonons, a particle of lattice vibration, in a
process known as a phonon-assisted transition. Since photoexcitation of valence electrons
simultaneously requires energy and momentum, indirect bandgap materials are less
efficient at absorbing light and exhibit temperature dependence for their spectral
absorptance. Group 14 elemental semiconductors such as diamond, silicon and

germanium have indirect bandgaps [20].

On the other hand, some semiconductors have matching crystal momentums
between the highest energy state in the valence band and the lowest energy state in the
conduction band. This is known as a direct bandgap semiconductor. Direct bandgaps do
not require phonons to assist with excitation, so they are much more efficient at absorbing
light. Furthermore, direct bandgaps are capable of radiative recombination, an important
process that makes light emitting diodes and lasers possible. Direct bandgap
semiconductors are often compounds, such as gallium arsenide (GaAs) or mercury

cadmium telluride (HgCdTe).

15



Si CONDUCTION GaAs CONDUCTION
BAND

BAND

ENERGY (eV)

VALENCE
BAND

VALENCE
BAND

|
|
|
|
I
I
|
|

[111] 0 [100] B, [111] 0 [100]
CRYSTAL MOMENTUM P

Figure 2.5: Energy — momentum graphs for silicon (indirect) and GaAs (direct). Note
how GaAs has the same crystal momentum for the highest and lowest energy levels in

the valence and conduction bands, whereas silicon does not. Taken from [21].

2.2 Recombination

Excited electrons cannot stay excited forever. An excited electron in the conduction
band can fall into a hole and mutually annihilate, shedding at least as much energy as the
bandgap. Recombination is a core parameter of all photonic semiconductor devices.
Depending on the device, a fast or slow recombination rate is ideal. Recombination

processes fall into two categories: radiative and non-radiative.

2.2.1 Non-radiative Recombination

As the name suggests, non-radiative recombination does not release energy in the
form of radiation. This is the dominant form of recombination in indirect semiconductors.
Most non-radiative recombination occurs through the Shockley Read Hall (SRH) [22]

recombination process, also known as trap-assisted recombination, which uses deep level
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states within the bandgap to assist recombination. These deep level states are created by
unwanted elements in the substrate (see figure 2.3), necessitating cleanroom

environments for the manufacture of semiconductor devices.

Figure 2.6: Shockley Read Hall, or trap assisted recombination. A trap state captures
electrons from the conduction band, rendering them immobile. The trap is subsequently

emptied into a nearby hole, completing the recombination process.

In many semiconductor devices, it is desirable to have a long carrier lifetime,
meaning that the average time for the minority carrier species to recombine is long. A long
carrier lifetime ensures that the average diffusion length is long, so carriers have a higher
chance of being extracted from the device. In silicon, this value can be in the milliseconds
for very pure samples (highest measured was 32ms) [23] and as impurities increase, goes

down to the nanoseconds.

Auger recombination is another form of non-radiative recombination where an
excited electron recombines with a hole and sheds the resulting energy to another
electron. This electron then sheds the excess energy by colliding with the crystal lattice,
releasing phonons and subsequently returning to the bottom of the conduction band. The
likelihood of this process depends on the occupancy of the conduction band and is often

negligible in most devices.
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2.2.2 Radiative Recombination

On the other hand, radiative recombination releases energy in the form of light.
When an electron recombines with a hole, it releases a photon carrying away the excess
energy. This is the dominant form of recombination in direct bandgap semiconductors and
thus makes these materials desirable for devices that emit light, such as light emitting

diodes (LEDs) and lasers. As photon energy can be related to wavelength using Planck’s
law, E = %, the peak wavelength of a light emitting semiconductor device is directly

related to the size of its bandgap.

2.3 PN Junctions

When P and N type semiconductors are brought together, charge carriers diffuse
and recombine at the junction, forming a region that is depleted of charge carriers. This
depleted region exhibits a built-in electric field that serves as the basis for many
semiconductor devices such as photodetectors, diodes, and photovoltaic cells. As the
photodetector in this work uses PN junctions, this section will discuss major aspects of the

PN junction.

2.3.1 Device Energy Bands

Although a PN junction may be made of the same bulk material (Ex. Silicon), the
doping difference is enough to make the material electrically dissimilar to itself. As nature

abhors a discontinuity, the bands bend in a continuous manner over a length, Wj:
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Figure 2.7: Band bending as a p and n-type semiconductor are brought together. (a)
shows the bands of doped semiconductors with their shifted Fermi levels, and (b) shows
how the bands bend as the doped semiconductors are brought together. Taken from
[24].

The shifted bands form an energy barrier at the junction, determined by the
difference in the shifted Fermi levels. The total potential of this field is known as the built-in
voltage and depends on the bulk material used (silicon has 0.78 V). However, the distance
over which this potential extends depends on the doping levels of the bulk material, with
lower doping concentrations having a longer depleted region. Thus, the intensity of the
electric field increases with higher doping, as the depletion width shrinks. In practice, it is
common to strongly dope one side of the PN junction, such that the depletion region
extends almost entirely into the other side. The width of the depletion region can be

calculated using:

1

ZE(Na + Nd)Vo 2
eNaNd

Where W is the width of the depletion region, N.and Nqare the doping
concentrations of the p and n type sides, respectively, V,is the built-in voltage of the

junction, € is the local electric permittivity, and e is the elementary charge.
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2.3.2 Forward and Reverse Bias

By applying electrical potentials from an external source, the band structure of the
PN junction can be further manipulated. External biases are often required for the

operation of PN junction-based devices.

A forward bias occurs when electrical potential is applied against the built-in
voltage, which lowers the potential barrier. This allows carriers to diffuse through the

depletion region, resulting in an exponential current [24]:

) o) -1

Where Jo represents the reverse saturation current, a property related to the
geometry of the junction. Forwards bias is relevant for diodes, as current can only flow in
one direction. This allows for the creation of rectifying devices for the conversion of

alternating current to direct current.

The opposite of forward bias is a reverse bias. In this configuration, a voltage is
applied with the built-in field, extending the depletion region and the intensity of the
electric field. Reverse biased PN junctions are used for photodetectors, where a large
depletion region and strong electric field are desirable for absorption of incoming photons.
Note that in reverse bias, a small leakage current will still be present, which arises from
thermally generated carriers in the depletion region. This reverse leakage current is

equivalent to the reverse saturation current.

2.3.3 Photodetectors

Photodetectors are devices built using reverse biased PN junctions designed to
absorb light and output current. Using the strong built-in electric field and large depletion
region produced by reverse bias, photodetectors absorb photons in the depletion region

and the photogenerated carriers are separated by the built-in field. The carriers can then be
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harvested at the terminals by an external circuit, producing a current that is directly

proportional to the light absorbed in the depletion region.

Firstly, light arrives from an external source to the photosensitive region of the
detector. As photodetectors are quantum devices, the light needs to be broken down into

photon flux, which can be done using Planck’s law [25]:

Where @ is the photon flux, / is the intensity of the light, A and ¢ are the wavelength
and speed of light, and h is Planck’s constant. As this light reaches the surface of the
photodetector, some of it will be reflected. Photodetectors often come with antireflective
coatings to minimize the effect, but it can be accounted for by multiplying the above
equation with (1-I'), where I is the fraction of reflected photons. Next, the internal quantum

efficiency is defined as the amount of EHPs generated per photon:

G

77i=5

Where G is the rate of photogenerated carriers. This value is between 0 and 1 for
typical PN photodetectors but can be greater than 1 in avalanche photodiodes. Not all of
the generated carriers will be extracted from the device however, so an external quantum

efficiency can be defined as well:

Ne = NextNi

Where nex is the extraction efficiency, or a measure of how many photogenerated
carriers inside the device can exit the device. This efficiency is dependent on device

geometry, carrier mobilities and lifetime.

However, these parameters are not very intuitive to work with in practice. Lab
instruments measure intensity and current, so it easier to use responsivity instead, which

can be expressed using the equation:
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extracted current I,

optical intensity Iy

Responsivity can be related back to the external quantum efficiency using the equation:

A
Rzneﬁ

2.3.4 Dark Currents

Dark current refers to the current output of a photodetector even in the absence of
illumination. This current is related to the reverse saturation current of the diode and arises
from thermally generated charge carrier pairs within the photoactive region of the

photodetector [25].

I; = I;[exp (;%) — 1]

Where lyis the dark current, I is the reverse saturation current of the diode, q is the
elementary charge, V is the voltage applied to the photodetector, B is the ideality factor of

the junction, kis Boltzmann’s constant and T is the temperature.

The reverse saturation current arises from occupied electronic states in the
conduction band at equilibrium, which can be calculated from the Fermi-Dirac
distribution. It can be shown that a narrower bandgap results in a higher reverse saturation
current, which means that dark current is the limiting factor for infrared photodetector
designs. For every 10K increase in temperature, the saturation current approximately
doubles. Thus, traditional infrared photodetectors are usually cooled to ensure a good

signal to noise ratio for the device.

2.4 Hyperdoping and Intermediate Bands

Now that the basics of band theory have been introduced, hyperdoping and

intermediate bands can be discussed in further detail. Recall that the valence and
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conduction bands arise due to the interaction of bonding and antibonding orbitals in a
densely packed crystalline solid. Each silicon atom forms four covalent bonds, and each of
these bonds contributes four electronic states, but only two electrons. Electrons naturally
seek the lowest energy state resulting causing the lower energy states to be completely
occupied and the higher energy states to be completely empty in the absence of excitation.
Thus, it can be said that the bandgap of silicon arises due to the tight packing of identical
Si-Si bonds, where the bandgap energy is the energy needed to release an electron from a

covalent bond.

Now, if other elements are added to the lattice, new states at different energies now
exist. The best candidates are elements which have the same external electron shells as
silicon (sp?) but differ by one electron. For example, boron is said to introduce an acceptor
state 0.04 eV above the valence (refer to figure 2.3). For this to be valid, boron must be
substitutionally integrated into the silicon lattice, meaning that it replaces a silicon atom
within the lattice. This also means it needs to make four covalent bonds to its neighbours.
However, boron only has three bonding electrons available. The 0.04 eV value is the energy
required for a nearby electron to escape its own bond and fill the available state in the B-Si

bond.

Furthermore, an energy band is just many densely packed energy states, which
themselves are made by covalent bonds. Thus, if the lattice of silicon were packed with a
large quantity of substitutional foreign elements, an intermediate band within the bandgap
would form. This intermediate band could then be exploited for applications previously

limited by the large bandgap, such as long wavelength photodetectors.

2.4.1 Solid Solubility Limits

It should come as no surprise that atoms that are not silicon in a silicon lattice
stress the lattice. A silicon lattice has a maximum concentration of tolerable foreign
element, also known as the solid solubility limit. As impurities are added beyond the limit,
the lattice begins to reject impurity atoms, causing them to segregate out of the lattice.

These rejected atoms do not contribute to the formation of any intermediate band.
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For a high solid solubility, the impurity atom should closely resemble the silicon
atom both in size and electronic configuration. Phosphorus, silicon’s neighbour on the
periodic table, has a very high solid solubility in silicon and is often the n type dopant of
choice, and so does boron [26], [27]. Aluminium has a high solubility as well, but the
electronic states are incompletely ionized at room temperature [28] and it tends to form
alloys with silicon instead [29]. As a result, aluminium is used as a contact material to

silicon instead of as a dopant.

Unfortunately, these elements produce states close to either the conduction or
valence band, neither of which are useful for intermediate band applications. Transition
metals which do introduce useful states for intermediate band formation have low solid
solubilities and high diffusion speeds [4], [30], making it impossible to produce crystalline
silicon with sufficient concentrations of dopant using standard doping techniques. To
produce super-saturated, or hyperdoped, silicon for intermediate band applications, more

specialized annealing processes need to be used.

2.4.2 Pulsed Laser Mixing

The pulsed laser mixing (PLM) process is one such way to produce hyperdoped
silicon. A nanosecond laser pulse with a specific laser fluence is used to melt silicon with a
thin film of the desired dopant. As the liquid solubility of the hyperdopant is much higher
than the solid solubility, the dopants quickly diffuse into the liquid silicon [31]. The silicon
undergoes liquid phase epitaxy after the laser pulse, causing the dopant to be trapped in
the silicon lattice before they have a chance to segregate, forming a super saturated solid

solution of crystalline silicon. For this work, melt times were between 32 — 45 ns.
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Figure 2.8: Cross section of the pulsed laser melting process. A desired dopant is ion
implanted to concentrations above the solubility limit, resulting in an amorphized
surface. This is followed by a nanosecond laser pulse, causing liquid phase epitaxial

growth. Taken from [32].

Much former work has been done on pulsed laser melting, which first implants the
dopantvia ion implantation. This work focuses on pulsed laser mixing, where the dopantis
first deposited as a thin film and then exposed to the laser pulse. By depositing the dopant
as a thin film, the cost of ion implantation can be avoided, especially due to the special
requirements of hyperdoping. However, this method does provide a thinner hyperdoped

film, which will lower absorption.

2.4.3 Gold Hyperdoping

For this work, gold was selected to be the hyperdopant. Gold has many advantages
over elements typically used for hyperdoping. Firstly, the segregation coefficient, which is
the ratio between impurities in a liquid and impurities in a solid, is high for gold in silicon.

This means that gold readily diffuses in liquid silicon but is trapped by the rapid
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resolidification front induced by a laser pulse, allowing for concentrations above the
solubility limit, which is under 10'2 cm at room temperature [33]. Next, gold creates an
electronic state close to the center of the bandgap, making it ideal for extending the
spectral absorptance of silicon. Finally, much previous work has been done on gold
impurities in silicon, both as a method of carrier lifetime control and as gold is a common

contaminant in the electronic industry.
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Figure 2.9: Band diagram of silicon with gold impurities, for varying doping

concentrations. Taken from [15].

Figure 2.9 illustrates the band diagram of silicon when gold impurities are present,
for varying concentrations relative to the background doping. It demonstrates the
compensatory nature of gold in silicon: in n-type silicon, the acceptor state traps electrons
from the dopant, while in p-type silicon the donor state fills holes in the valence band. It
can be inferred that the carrier concentration of gold hyperdoped silicon is similar or lower

than that of intrinsic silicon. E; and E, are the bottom and top of the conduction and
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valence bands, Ex and Ep refer to the energy level of the deep traps introduced by gold and
E. and Eq refer to the energy level of the states introduced by the acceptor or donor dopant
(boron or phosphorous). N4, N, and Na, refer to the concentration of donor, acceptor or gold

species.

Furthermore, gold hyperdoped silicon is metastable. At temperatures above 400 °C
gold atoms begin to segregate out of the silicon lattice, rendering them optically inactive
[32]. To maintain the integrity of the gold hyperdoped silicon layer, the thermal budget for

processes following the pulsed laser mixing step was limited to 350 °C.
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Figure 2.10: SWIR spectral absorptance of gold hyperdoped silicon for varying anneal
temperatures. Annealing temperatures above 400 °C reduce the amount of optically
active gold. Taken from [32].
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The intermediate band in gold hyperdoped silicon affects the energy bands at
material interfaces as well. In a pn junction, the intermediate band follows the energy band
bending. At a metal-semiconductor junction, the intermediate band interfaces directly with
the contact metal’s intrinsic electron gas, which results in less energy band bending then
would be typically expected of a metal-semiconductor interface [34]. Figure 2.11
illustrates the energy band structure of junctions incorporating gold hyperdoped silicon.

The intermediate band is depicted in gold in a) and inred in b).

- -
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Figure 2.11: a) shows the energy band structure of a pn junction incorporating
hyperdoped silicon, while b) shows the energy band structure of gold hyperdoped
silicon — metal interface. Eri denotes the Fermi level of the intermediate band. a)
adapted from [24], b) taken from [34]

2.5 Microfabrication

Fabricating devices on the micrometer scale is no small feat. Precision of this level
cannot be achieved by the human hand and eye; highly specialized and accurate devices
are needed. Furthermore, cleanroom environments and harsh cleaning techniques are
required as contamination is a serious threat to microfabrication processes. Finally, all
materials used need to be of extreme purity: bulk silicon for microfabrication is often said
to be refined to “nine nines” of purity, or 99.9999999% pure. State of the art silicon

foundries creating nanometer devices may even require up to “eleven nines” of purity. Even
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though microfabrication is an expensive and time-consuming endeavour, the miniaturized

devices produced have revolutionized and defined the modern world.

To produce a microscale device at industrial scales, a process flow must be created
first. A process flow is a sequence of steps, or processes, that need to be applied to a
substrate to create desired devices. The parameters of the substrate need to be carefully
selected depending on the end device, such as its material, size, doping, crystal
orientation, and more. Most microfabrication substrates are wafers: round, polished disks

of extremely pure precursor material [35].

2.5.1 Photolithography

All forms of microfabrication rely on creating patterns in substrates to conduct
fabrication processes in specific areas, either additive deposition processes such as
Physical Vapour Deposition (PVD) or subtractive etching processes such as wet etching.
This is known as lithography. Photolithography, the most common form of lithography used
for modern microfabrication processes, uses ultraviolet (UV) light to create patternson a
photosensitive polymer layer, known as the photoresist. By placing the substrate in contact
with a mask, it is possible to control which areas of the photoresist are exposed, triggering
photochemical reactions that allow for pattern generation by soaking the exposed
photoresist in a developer solution. Masks are generally made on a transparent soda-lime
glass substrate with an opaque chromium layer containing the pattern. As exposition times
are fast (< 5 min) and the entire sample is exposed all at once, photolithography is the
industry standard process for creating patterns in photoresist. Photoresists consist of three
key components: base resin, solvent, and photoactive compound. They are usually applied
to substrates via spin coating: a quantity of photoresist is dispensed onto the substrate,

which is subsequently spun at high speeds to create a thin, uniform layer.

Photoactive compounds determine the polarity of the photoresist: positive or
negative. In a positive photoresist, exposed areas are removed by developer solution. The
photoactive compound, upon exposure to UV light, converts to an acid which is soluble in

an alkaline solution. This positive photoactive compound is usually diazonapthoquinine
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(DNQ), which inhibits dissolution in alkaline solutions. The corresponding developer
solution is an alkaline solution, usually some solution of tetramethylammonium hydroxide

(TMAH) at 0.26M or 0.24M concentration.

Negative photoresists are the opposite of positive photoresists: Exposed areas
resist dissolution by developer solution. Upon exposure to UV light, the photoactive
compound initiates a cross-linking reaction, increasing the molecular weight of the
polymer allowing it to resist dissolution by solvents. Accordingly, negative photoresist
developers are based on organic solvents such as xylene, butyl acetate, or even acetone.
The cross-linked polymer is difficult to remove via conventional means; an issue when it
comes to processes further down the process flow. Aggressive organic removers such as
piranha solution or oxygen plasma are often required to remove cross linked negative

photoresist.

Base resins determine the thermal and mechanical properties of the photoresist
film. This resin is usually a Novolak resin based on phenol and formaldehyde. Finally, the
solvent determines the viscosity of the photoresist, an important parameter for
determining the final film thickness. Thinner films provide better resolutions but may fail to
protect the underlying substrate from aggressive processes. Final film thicknesses depend

on both the speed of the spin coater and the photoresist viscosity:

o]
w

Where tis the film thickness, n is the viscosity of the photoresist, and w is the spin speed.
Photoresist manufacturers generally provide several recommended spin speeds and the

resulting film thicknesses for their products.

Lift-off resists such as LOR1A are special photoresists used for the lift-off process.
These photoresists lack a photoactive compound, are used as the lower layer in a
photoresist stack and readily dissolve in developer solution. This allows them to form

undercuts by exploiting the isotropic nature of the developer solution, which is paired with
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an anisotropic deposition process to separate desired deposited material from the
undesired. As they lack a photoactive compound, they are unaffected by exposition to UV
light. Lift-off processes are common in research settings, while industrial settings use

dedicated plasma etchers instead.

Substrate

Figure 2.12: Lift off process. A lift-off resist and photoresist bilayer are used to pattern
an anisotropic deposition process. The undercut separates masked and unmasked

areas.

After a photoresist has been spun onto a substrate, it is then exposed to UV light to
initiate the photoreaction. Recommended optical dosages are provided by the
manufacturer and vary depending on resist thicknesses and the photoactive compound,
although this value is around 100 mJ/cm? for DNQ based photoresists. Light passing
through the mask is subject to Fresnel diffraction, which limits the linewidth and can be

approximated using [35]:

1~ [a +d)
~ o] >

Where lis the minimum resolvable linewidth, A is the wavelength of light, g is the gap
between the mask and the substrate, and d is the thickness of the photoresist. Reducing (
is done by reducing d (using a less viscous photoresist) or using a UV source with a shorter

wavelength.
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Currently, there are three major UV sources in use. The first is the economical
mercury vapour lamp, which has spectral peaks at 365, 404.7, and 435.8 nm, also known
as the I-line, H-line and G-line. As the semiconductor industry progressed, demands for
shorter wavelengths brought about excimer laser photolithography, which can output
wavelengths as short as 157 nm depending on the gas medium used [36]. This is known as
deep UV (DUV) photolithography. Finally, modern state of the art systems use extreme UV
(EUV) at 13.5 nm [37], achieved by striking a tin plasma with a pulsed laser. This work uses

I-line mercury lamps to perform photolithography.

After a suitable pattern has been made, either an additive or subtractive process is
subsequently performed. Additive processes add material to the substrate while

subtractive processes remove material.

2.5.2 Wet Etching

Etching is the subtractive process of removing material from desired locations on a
substrate. In the semiconductor industry, two types exist: wet and dry etching. Wet etching
is done using reactive aqueous solutions that chemically react with the target material. The
reaction product dissolves in the solution, allowing material underneath to continue

reacting.

Etches are characterized by their selectivity, which is defined as the ratio between

the amount of target material etched and the amount of masking material etched:

target etched

" mask etched

Ideally, etch selectivity is infinite, meaning that the masking material is completely
unaffected. This is possible for several wet etches, but rarely for dry etches. For instance,
acetone is considered to have an infinite selectivity between photoresist and silicon. Lower
etch selectivities require either thicker masks or harder masking materials. However,
thicker masks have lower resolutions and harder masks can be difficult to remove post

etch and may require more challenging deposition techniques.
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Wet etching is the oldest and perhaps most obvious form of etching available: dip
whatever is to be removed in a reactive solution. There is much more nuance to the
process, however. The etchant, or the fluid doing the etching, must be carefully selected
depending on the target material. Furthermore, as a chemical process, the etching rate is
highly dependent on the local conditions, such as the temperature, concentration and
stirring methods. Since most wet etching recipes are isotropic, or non-directional
processes, the etchant will etch sideways at the same rate as down. Itis thus important to
calibrate the wet etch to use only the necessary amount of time, as any excessive time

results in pattern sidewalls being etched away.

A common wet etching process is the use of hydrofluoric acid (HF) to strip oxides
[35]. Fluorine is the only element with a higher electronegativity than oxygen, allowing it to
remove most forms of oxide, including silicon’s native oxide. This is a naturally forming layer
of SiO, due to the oxygen in atmosphere and is 3 -5 nm thick. Its presence interferes with
metallization processes, thus itis necessary to remove it. The reaction between HF and

silicon oxide is:
6 HF + Si0, —» H,SiFg + 2 H,0

This reaction produces fluorosilicate acid, which dissociates further to release
volatile silicon tetrafluoride and regenerate two molecules of HF. This reaction consumes
four fluorine atoms per silicon atom, causing the concentration of HF to drop quickly. To
remedy this issue, HF solutions for etching SiO, are buffered with ammonium fluoride. The
full solution is referred to as buffered oxide etch (BOE) and is commonly found in either as
61 or 10:1 formulations, representing the ratio of ammonium fluoride stock solution to HF
stock solution. This etching recipe has an infinite selectivity between silicon oxide and
silicon: once the etch reaches the silicon substrate, it hydrogenates the silicon surface and
self terminates. The resulting hydrogenated silicon surface is hydrophobic, allowing it to be

quickly distinguished from a hydrophilic oxidized silicon surface.
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Figure 2.13: Silicon surface before and after hydrofluoric acid cleaning. The hydrogen

terminated silicon surface prevents further etching and is hydrophobic. Taken from [38].

A couple more common wet etchants used in silicon microfabrication are piranha
solution and aqua regia. Piranha solution is usually a 3:1 mix of sulphuric acid to hydrogen
peroxide, and is a powerful oxidizer used to remove organic contaminants. Aqua regia is a
3:1 mix of hydrochloric acid to nitric acid and is used to remove metal contaminants,
including gold. Both are fuming, hazardous and corrosive solutions that need to be
prepared immediately before use and are generally used as a last resort when less

aggressive cleaning processes fail.
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Figure 2.14: Aqua regia solution for dissolving metals. The gold colour indicates the
formation of nitrosyl chloride (NOCI), which is the source of aqua regia’s signature

reactivity. Solution prepared by Spyridon Ntais, personal communications.

Not all wet etching processes are isotropic. For example, strong alkaline solutions
such as potassium hydroxide (KOH) preferentially etches the (100) and (110) planes in
silicon two orders of magnitude faster than the (111) plane. This causes the shape of the
etch to resemble a trapezoidal prism, with side wall angles at 54.7° from the surface. This is
the angle between the (100) and (111) planes. Heated KOH etches are often used for
producing micro electrical mechanical systems (MEMS), which make use of the trapezoidal

cavity for membranes and cantilevers.
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Figure 2.15: Isotropic etch (left) and anisotropic etch (right). Taken from [35].

This work uses room temperature KOH to create alignment marks at the start of the

process flow. The etching reaction is:
Si+20H™ + 2H,0 - Si0,(0H)3* + 2H,

As the reaction gives off hydrogen gas, bubbles forming in the etchant indicate

successful etching of silicon.

2.5.3 Dry Etching

Dry etching, or plasma etching, is a comparatively newer process that uses a
plasma to etch atarget. Itis often preferred over wet etching due to the cheaper cost of
etchant gases and its anisotropic nature grants better control over small features sizes.
However, a plasma etcher has a high upfront cost and requires sources of pressurized
gases. Nevertheless, the semiconductor industry is moving towards exclusively using dry

etching for commercial process flows.

To sustain a plasma, plasma etchers couple radio frequency (RF) power to a
chamber containing the substrate to be etched and an atmosphere of gaseous precursor.
The etching process has two parts: a physical etching part due to high energy ion impacts,
and a chemical etching part due to high energy electrons. As ions resonate with 400 kHz

power and electrons resonate with 13.56 MHz, the exact etching mechanisms can be
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controlled by adjusting the power ratio of the frequencies. State of the art plasma etchers
go one step further and use two separate sources to couple RF power to the plasma. A coil
is placed around the chamber to supply inductively coupled power (ICP) at 13.56 MHz to
the electrons, while another source at 400 kHz is placed underneath the sample to

accelerate ions towards it [39].

Gaseous precursors for dry etching silicon are often fluorine rich molecules, such
as carbon tetrafluoride (CF,) or sulphur hexafluoride (SFs), but other halogens such as
chlorines or bromines can be used as well. After the RF power dissociates the etchant, the
free, highly reactive fluorine atoms form silicon tetrafluoride (SiF,4), a gaseous product
which is pumped away. Unlike wet etching with HF, the ion impact is strong enough to free
the silicon atom from the lattice, exposing deeper layers for further etching. CF,and SFs
leave behind a carbon or sulphur atom during this reaction, which is solid at room
temperature and deposits on the substrate. To avoid this from happening, oxygen is added
to the precursor gas mix to act as a “scavenger”, forming gaseous CO, or SO, which can be

pumped away.

Oxygen can also be used as a standalone precursor for plasma etching. Oxygen
plasma cleaning, or “ashing”, can be thought of as the plasma equivalent of a piranha
solution clean: removing stubborn organic contaminants. This is quite useful as the second
line of cleaning as it is safer and requires less setup than piranha, and for removing cross-

linked negative photoresist.

For this work, plasma etching was intended to be used for creating mesa etches, a
form of device isolation and passivation. This process is often used for solar cell process
flows [40] to electrically isolate components from one another. A mask was made for this
work, however due to the lower currents involved and the fragility of gold hyperdoped

silicon, it would only be carried out after the first round of measurements if time permitted.

2.5.4 Physical Vapour Deposition

Physical vapour deposition (PVD) is a category of additive processes, meaning it
adds material to the substrate. PVD processes eject material from a material source using
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ion or electron beams and deposit it as a thin film on top of a substrate. These processes
are usually done in vacuums to ensure that the mean free path of ejected atoms is longer
than the distance between the source and the substrate. As PVD does not respect the
stoichiometry of the source, PVD processes are mainly used to deposit single element thin
films. PVD processes are clean and generate high quality films, but deposit material slowly

and may require long vacuum pump down times [35].

Electron beam evaporation is the main deposition process used in this work. An
electron beam is used to heat up a crucible containing a source material in a vacuum,
allowing it to deposit on a sample above. This form of deposition is suitable for most metals
such as titanium, gold and aluminium, which were used to produce the metalizations for
this work. This process requires high vacuums (~10° torr) and deposits material at a rate of
0.1-0.5 nm/s. Due to the high vacuum, evaporation is an anisotropic deposition method,
allowing lift-offs to be done afterwards for creating metallization patterns. Evaporation is
popularin research settings where the film quality, cleanliness, and lift-off compatibility

are valued and the low throughput rate is not as important.

Sputtering is another PVD process similar to electron beam evaporation but using
an argonion (Ar*) beam instead of an electron beam. A negative bias is placed under the
substrate to accelerate the ions towards the source material, ejecting material to be
deposited. As no heating is required and only a low vacuum is needed (~10 torr),
sputtering deposits material much faster (1 — 10 nm/s) than electron beam evaporation and
is thus the preferred deposition method in industrial settings, where high throughput is
valued. The low vacuum means that sputtering is more isotropic which hinders lift-off
processes; this is not an issue in industry where dedicated plasma etchers are available for

creating metallization patterns.

2.5.5 Ohmic Contact Formation

For semiconductor devices to be useful, some connection to the external world is
needed. This is accomplished by depositing some conductive metal on the surface, which

serves as a connection point to other devices. However, care must be taken when selecting
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what metals to deposit. Ideally, a metal — semiconductor contact is ohmic, meaning it has
linear |-V characteristic. An incorrect selection results in the formation of a Schottky diode

instead, which is detrimental to the device.

The Schottky diode arises from the mismatch between a semiconductor and a
metal’s electronic band structure. In a metal, the valence and conduction bands are
merged, and the Fermi level sits within the conduction band. As a result, metals always
have mobile electrons — even at absolute zero — which is the origin of their conductivity. For
semiconductors, the Fermi level sits within the bandgap and the conduction band is at a
more energetic location. Just as in the case of a PN junction, nature abhors a discontinuity:
the Fermi levels must match at the contact point, thus the electronic bands bend over

some distance, resulting in the formation of an energy barrier.

Fm

Figure 2.16: Band bending as an n type semiconductor is brought into contact with a
metal. Similarly to a PN junction, a region depleted of mobile charge carriers of width W
forms at the contact point. Shaded regions indicate filled electronic states. Taken from
[24].

The height of the barrier, ®g, depends on the difference between the work function

®. of the metal and the electron affinity x of the semiconductor, or the “depth” of the
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conduction band. Note that this barrier is present for electrons moving from the metal to

the semiconductor: electrons moving from the semiconductor to the metal see a reduced
energy barrier by (E: — Em). While Schottky diodes do have applications which make use of
the rectifying properties of the energy barrier, they are also inadvertently created when an

incorrect metal is selected for forming an ohmic contact to a semiconductor.

It is worth noting that an ohmic contact still has an energy potential barrier at the
contact. No contact is perfectly ohmic, but as long as the potential barrier is small, the
contact behaves ohmically for the operating ranges of the device. Furthermore, just as with
PN junctions, the depleted region extends spatially into the semiconductor to a distance
inversely proportional to the doping concentration. For lower doping concentrations, the
width of the barrier is large and the dominant mechanism for traversing it is thermionic
emission. This mechanism is inversely proportional to temperature, meaning that the
contact resistivity of an ohmic contact decreases as temperature increases. Thus, ohmic
contacts to lightly doped semiconductors have higher contact resistivities. Typically,
resistivities of 10 to 10°Q cm? are considered acceptable for ohmic contacts to lightly

doped silicon.

At higher doping concentrations, the width of the barrier becomes small, which
allows quantum tunneling to become the dominant transport mechanism. Resistivities in
this regime can reach 10° Q cm?or less, and metals that would make Schottky diodes on
lower doping concentrations can now make ohmic contacts. The doping concentration at

which quantum tunneling becomes dominant for silicon is roughly at 10"to 10*°cm=3[41].

In practice, the list of metals suitable for making ohmic contacts is quite limited.
Titanium is often used on n type silicon due to its excellent adhesion, low Schottky barrier
height (0.6 eV) [42], and ability to form a silicide given an appropriate anneal [43]. However,
as itis one of the least conductive metals (2.3 x 10°S/m) [44], only a thin layer (~10 nm) is
used to form the initial contact which is capped with a more conductive metal, such as
copper or gold. For contacts to p type silicon, aluminium is often used. As it comes from

the same element group as silicon’s p type dopants, it readily forms ohmic contacts to p
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type silicon. Comparable results have been found using gallium [45] and indium [46],
although the melting point of the former and the price of the latter prevents widespread

adoption.

2.5.6 lon Implantation

lon implantation is another additive process thatis used to add, or implant dopant
atoms into the silicon lattice. Dopant atoms are sourced from a plasma and accelerated by
an electric field towards a target substrate. By adjusting the strength of the electric field
and the dopant dosage, a precise dopant profile can be created within a target substrate.

The ion implantation for this work was done commercially.

To prepare an ion implantation process, the implant energy, element, and implant
angle need to be selected. Higher implant energies create deeper doped volumes, heavier
elements implant shallower, and the ion beam may be tilted at some angle to avoid
channeling effects. Notably, the standard implant angle for <100> silicon is 7°. These
parameters are selected via Monte Carlo simulators such as the Stopping Range of lons in

Matter (SRIM) [47], which was used in this work to plan the implantation process.

2.5.7: Rapid Thermal Annealing

Rapid thermal annealing (RTA), or rapid thermal processing, is a process that
provides excellent control over the temperature of a substrate. This process dates back to
the 1990s [48] and has since become the industry standard for thermal processing. By
using high powered lamps, samples can be brought to temperatures as high as 1000 °C
within seconds and cooled down just as fast, although care needs to be taken to ensure
thermal shock does not occur. The atmosphere in the RTA chamber is typically filled with
inert gases as well such as nitrogen, argon or forming gas, which is a blend of nitrogen and
hydrogen designed to scavenge oxides. Alternatively, an oxygen atmosphere can be used to

create dry thermal oxide for silicon.
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Figure 2.17: Thermal processing techniques by time scale and result. RTA, furnace and
flash lamp annealing (FLA) cause solid phase epitaxy (SPE), while the relatively faster

PLM causes liquid phase epitaxy (LPE).Taken from [49].

2.6 Validation Techniques

Proper quality assurance is necessary when developing process flows. Given the
sizes and complexity of semiconductor physics involved, accurately determining whether a
process was successful or not can be just as technically challenging as the process itself.
Many process flows incorporate test structures for this reason; structures that are

designed to provide information about the process that created them and nothing else.

2.6.1 Ellipsometry

Ellipsometry is a well-known technique for determining the thickness of thin films.
When a thin film is struck with monochromatic elliptically polarized light, the reflected light
experiences a phase shift depending on the refractive indices of the thin film layers. As
refractive indices change depending on the wavelength of light, phase shifts are collected
across a spectrum. These spectral phase shifts are then provided to an optical model of
the thin film, which is used to calculate the thickness of the film. As ellipsometry measures
phase shifts, its accuracy is not bound by the wavelength of light and can precisely
measure nanometer thicknesses provided an accurate model exists. For common

materials, including silicon oxide, many accurate and reliable models are available.
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Interestingly, ellipsometry of silicon oxide can be done with the naked eye. Silicon

oxide is known to change colour depending on its thickness, allowing its thickness to be

estimated via ocular inspection.

200 400 600

Film Thickness, h (nm)

800 1000

Figure 2.18: Apparent colour of silicon oxide to the naked eye by film thickness. Taken
from [50].

2.6.2 Profilometry and Atomic Force Microscopy

Profilometers and atomic force microscopes are both instruments used to measure
the profile of a surface. A stylus attached to a cantilever repeatedly taps the surface of the
sample at some predetermined contact force while moving in a specified direction. The
height of the stylus as it contacts the surface produces an analog signal via a transducer,
from which the profile of the sample can be extracted [51]. From the profile, step heights
from depositions or etches can be extracted, as well as the surface roughness. As these
methods operate by tapping a stylus above the sample, they cannot be used to

characterize undercut geometries.

The resolution of a profilometer is limited by the diameter of the stylus tip. It is not
possible to accurately measure surface features that are smaller than the stylus tip, so a
smaller tip allows for a higher resolution profile. However, smaller tips are more

susceptible to wear and tear and more expensive than larger tips. Generally, profilometers
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are used for measuring profiles with topographies in the 20 nm to 1 mm range. For higher

resolutions, atomic force microscopes will need to be used instead.

Atomic force microscopy operates on a similar principle to profilometry: a stylus on
a cantilever is repeatedly tapped at varying points on a surface and measurements taken to
acquire a profile. However, instead of measuring the cantilever height via transducer, a
laser is aimed at the tip. As the cantilever changes position depending on the surface of the
sample, the amount of laser light reflected changes as well, from which the profile of the
surface can be extracted. This allows for extremely precise measurements, down to the

individual atom [52].

Figure 2.19: Discoloured gold film viewed through an optical microscope mounted on
an AFM (left) and the resulting AFM scan (right). Note the laser focused on the AFM tip.

2.6.3 Transfer Length Method

The transfer length method (TLM) is a technique for characterizing the specific
contact resistivity of metallizations, requiring specific test structures to be deposited on
the substrate. These test structures consist of contact pads separated by predetermined
gap. I-V measurements can be taken across each gap and, assuming the contact is ohmic,

the resistance extracted. By plotting the extracted resistances against the known gap
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lengths and performing a linear regression, the specific contact resistivity of the

metallization can be extracted.

Initially, TLM structures were rectangular [53]. However, they have since been
deprecated in favour of circular TLM structures due to the current crowding effect [54]. This
phenomenon arises due to the fact that most current flows through the edge of the contact
film, similarly to the skin effect in wires. As a result, the actual current cross section is not
equivalent to the area of the contact pads, which leads to inaccurate measurements for
the resistivity. Circular TLM structures can account for this, allowing for more accurate

measurements of specific contact resistivity [55].

+ —

Figure 2.20: Current crowding effect for planar structures. Despite the fact that the
metal contact pad is much larger, most of the current flows through the edge of the

contact (highlighted in red).

2.6.4 Scanning Electron Microscopy

Although the optical microscope is an incredibly useful tool, they are inherently

limited by the wavelength of visible light. The diffraction limit is defined as [56]:

A

4=3Na

Where d is the maximum resolution of the microscope, A is the wavelength of light,
and NA is the numerical aperture of the microscope. For a perfect microscope with NA =1

using green light (A = 500 nm), the diffraction limitis 250 nm. For smaller resolutions,
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shrinking the wavelength is possible, but optical wavelengths shorter than the visible are

hazardous to humans and originate from dangerous and power-hungry sources.

Electrons can be used in the place of photons for higher resolution images. As

electrons have mass, their wavelength is described by de Broglie’s equation:

An electron accelerated through a 2kV field as a wavelength of roughly 27 pm: less
than the radius of an atom. Electron images are generally taken at 15 kV to 25 kV providing
even shorter wavelengths, although relativistic effects need to be considered at these

energies.

Scanning electron microscopy (SEM) is a common form of electron microscopy. A
high energy electron beam is focused onto a sample, which creates secondary electrons
due to the energetic collisions. These secondary electrons are subsequently collected by a
detector, which allows a pixel to be formed. By rastering the electron beam across some
area, an image can be formed. As secondary electrons have relatively low energies
compared to the initial beam (< 50 eV [57]), the process is done in vacuum to increase their

mean free path.

Most SEMs incorporate detectors for backscattered electrons as well. These are
electrons from the initial beam that have been reflected backwards due to elastic
collisions and can be distinguished from secondary electrons by the energy difference.
Backscattered electrons provide contrast between elements, depending on the difference
of their atomic numbers and thus can readily see thin films transparent under optical

microscopes.

46



Sample ID= EHT = 3.00 kv Gun Vacuum = 1.22e-09 mbar
g 100 um WD =10.7 mm System Vacuum = 5.40e-08 mbar @
CRPuUO Mag= 109X Date: 14 Mar 2025 uOttawa

A\

Figure 2.21: 1 nm thick gold thin film deposited on a silicon substrate viewed through
an electron microscope (left) and optical microscope (right). High contrast is provided
due to the atomic number difference between silicon (14) and gold (79). SEM image

provided by Mathieu de Lafontaine, personal communications.

2.6.5 Energy Dispersive X-ray Spectroscopy

Secondary and backscattered electrons are not the only signals that an electron
beam can produce. A high energy electron may knock an inner electron free (creating a
secondary electron) from its atomic orbital and replace it within a higher energy orbital. The
new electron rapidly decays to the newly vacant lower energy orbital, releasing the energy
difference as an x-ray in the process. As each element has a distinct energy spacing
between its orbitals, analysis of the x-ray spectrum reveals what elements are presentin
the sample by comparison to known elemental signatures. This process is known as energy

dispersive x-ray spectroscopy (EDX).
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Figure 2.22: EDX (left) and SEM (right) images of a discoloured gold film. EDX reveals
the reason for the discolouration is excess oxygen, likely in the form of silicon dioxide,
underneath the discoloured areas. Images provided by Mathieu de Lafontaine, personal

communications.

2.6.6 The Hall Effect

The Hall effect arises when an electrical current within a semiconductor is
deflected by a magnetic field [58]. This produces a voltage which is transverse to the
current, which can be used to extract useful parameters about the electrical properties of
the conductor such as the charge carrier mobility, concentration and type of dopant. A
typical test setup for measuring the Hall effect requires that the current, deflection voltage

and magnetic field be orthogonal to each other:
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Figure 2.23: Test setup for measuring the Hall effect. A current travelling in the x
direction (JX) is deflected by an orthogonal magnetic field in the z direction (Bz),
resulting in a deflection voltage in the y direction (eEy) orthogonal to both. Taken from
[59].

If the electric current, magnetic field strength and deflection voltage are known, the

Hall coefficient Ry can easily be calculated:

Ey

]XBZ

Where E,is the electric field induced by the deflected current, Js is the current

RH=

density, and B, is the strength of the magnetic field deflecting the current. The units of the
Hall coefficient are usually expressed as m*/C or Q cm/G. This quantity can be related to

the carrier properties by the following equation:

R — puj—nps
H — 2
e(puptnpe)
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This can be expressed in the simpler form:

— nb?
RH = p ,b = &
e(p + nb)? Un

Where p and n are the concentrations of holes and electrons, pn and pe are the mobilities of
holes and electrons, and e is the elementary charge. In practice, a majority carrier
dominates the equation, which allows for the minority carrier concentration to be
approximated to zero. Positive Hall coefficients indicate holes are the majority carrier,

while negative Hall coefficients indicate electrons are the majority carrier.

2.7: Monte Carlo Simulations

The Monte Carlo method is a probabilistic simulation technique used to model
systems that may not have analytical models. By modeling the system as a series of
probability density functions and generating a large number of random inputs, the output
converges due to the law of large numbers. This technique was first invented during the
Manhattan project for evaluating how neutrons travel through shielding material and was
subsequently applied to many similar problems, such as evaluating how an ion beam
travels through a silicon substrate. The general implementation of the method is as follows

[60]:

1. Model the system as a series of probability density functions
2. Repeatedly and randomly sample

3. Tally the statistics of interest

For this work, SRIM [47] was used as the Monte Carlo simulator of choice for modelling the

ion implantation process.
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Chapter 3 Design Process

This chapter will cover the design process for creating the process flow for a short-
wave infrared photodetector based on gold hyperdoped silicon. Several design criteria
needed to be met not just due to the specific requirements of gold hyperdoped silicon, but
also due to the availability of equipment and chemicals. The objective is to create a
repeatable process flow using industry compatible equipment while minimizing process

outsourcing.

Section 3.1 will discuss device layouts fabricated for this work. Section 3.2 will
discuss substrate selection, why specific background doping concentrations and types
were selected and the impact of crystal orientation. Section 3.3 discusses the design
process for ion implantation such as selection of implant energies, thermal oxide
thicknesses, and results of Monte Carlo simulations via SRIM. Section 3.4 discusses the
design process for etching processes, selection of etches and their chemistry, calibration
experiments and measurements. Section 3.5 discusses the design of the device
metallization including which metals to use, annealing temperatures and times, layer
thicknesses and the transfer length method (TLM) used to characterize the test

metalizations.

3.1 Device Layouts

As discussed in chapter 2, photodetectors ideally have long carrier lifetimes.
Ordinary silicon photodetectors achieve this by minimizing contamination, reducing the
amount of deep level traps available to assist recombination. However, gold is known to
reduce carrier lifetimes in silicon, heavily impacting the extraction efficiency of a gold
hyperdoped silicon photodetector. To mitigate short carrier lifetimes, device layouts were
desighed to minimize the distance a photoexcited carrier needs to travel to exit a

hyperdoped region.

First, the active area of each device was defined to be a 700 by 700 um square, with

300 um of guard space between devices. Three masks were defined for the photodetector
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devices: p+/n+ doping, gold hyperdoping, and metallization. These three layers were varied
to create three different categories of device layouts. The first is the Corner layout, which
places four small metallization squares 150 by 150 pm at the corners of the active area,
over a square ring of high doping. The gold hyperdoped area was then placed inside the
ring. The second layout is the Busbar layout, which places two parallel busbars 700 by 150
pm on the edges of the active area, with the gold hyperdoping in between. Finally, the third
layout is the Teeth layout, which is similar to the Busbar layout but additionally places

interdigitated highly doped lines in the gold hyperdoped region.

Corner Design Busbar Design Teeth Design

‘k

L,

Ly
. III

700 um

"

- a
< >

700 pm

Figure 3.1: Device layout formats used for this work. Metal contact pads are shown in

grey, the highly doped emitter is red, and gold hyperdoped silicon is gold.

Figure 3.1 depicts the layout formats used for this work. The Corner layout is a
common layout used for standard photodetectors, while the Busbar layout is a common
layout for solar cells. The goal of the interdigitated highly doped lines in the Teeth layout is
to minimize the amount a photogenerated carrier spends in the hyperdoped region. By
extending conductive “highways” into the gold hyperdoped region, carriers only need to
travel a short distance before reaching a region where the carrier lifetime and mobility is
large, increasing the amount of successfully extracted photogenerated carriers. Each

layout format is
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Corner Design Busbar Design Teeth Design

Figure 3.2: Overlaid masks for one iteration of each layout. Red indicates the area for
ion implantation to form the emitter, backslashed purple indicates where the gold will be
deposited for PLM and forward slashed purple indicates where the metal contact pads

will be deposited.

Furthermore, each layout varies the dimensions of the highly doped and gold
hyperdoped regions. This is done to investigate the effects of dopant mixing. For instance,
the Corner layout varies the width of the highly doped ring and the width of the interior gold
hyperdoped square, such that variations with no mixing, minimal mixing, full mixing, and

several intermediate mixing cases are all present.
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Table 3.1: Detailed device layout parameters.

Device layout

Emitter shape

Si:Au shape

Metallization

shape

Square ring around

outside of active

Square centered in

the active area.

Four 150 x 150 pm

contact pads at

Corner area. Ls =100, 200, 300,
each corner of the
L,=150, 200, 250, 400, 500, 600, 700
active area.
300, 350 um pm
Two parallel
rectangles extending Single rectangle
Two 150 x 700 pm
from the top and centered in the
contact bars at the
Busbar bottom of the active active area.
top and bottom of
area. Ls =100, 200, 300,
the active area.
L, =150, 200, 250, 400, 700 pm.
300, 350 pm.
Parallel rectangles
Single rectangle
150x 700 um
centered in active
underneath the
area, with varying
contact bars, with 10
amounts of overlap | Two 150 x 700 pm
interdigitated lines
or separation with contact bars at the
Teeth 34 pm wide, 40 pm

apart extending into
the active area.
L, =100, 150, 200,
250, 300, 350, 400

pum.
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Overlap lengths:
4,2 um, full overlap
Separation lengths:

4,2,0um

top and bottom of

the active area.



Figure 3.3: Mask image of a full device set. The purple mask layer shows where the
gold hyperdoped silicon is, while the red mask layer shows where the doped areas

(emitters) are. Lettering and numbers are part of the alignment etch.

Figure 3.3 shows all the combinations of each layout format. In total, there are 126
unique devices across the three layout formats. This includes unique reference layouts,
which have identical emitter structure to their respective row/column but lack gold

hyperdoping.

3.2 Substrate Selection

The beginning of any process flow is a blank wafer. This wafer is not a completely
blank slate; it has its own parameters such as material, crystal orientation, and

background doping, which need to be selected.

Material and crystal orientation were first selected. As the intent of the work is to
create a device using gold hyperdoped silicon, the wafer evidently has to be silicon. The
crystal orientation of the wafer surface was selected to be (100), which is the most
common orientation for silicon devices. Additionally, it has been shown that the pulsed
laser mixing process is most effective on this orientation [61], relative to the second most

common wafer orientation (111).
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Si SOLIDIFICATION VS LIQUID-SOLID VELOCITY

0.

001

M

Figure 3.4: Resulting silicon solid after a pulsed laser melting depending on the velocity
of the liquid-solid interface. The (111) crystal plane begins to form defective crystals at
slower recrystallization speeds than the (100) plane, causing difficulties for hyperdoping.
Taken from [61].

The final parameter to select is the wafer’s background doping. Typical silicon
photodetectors use lightly doped substrates (1 — 10 Q cm) while implanting a highly doped
region to create the PN junction, which causes the depletion/photosensitive region to only
extend into the substrate. As the substrate is lightly doped, the depletion region extends far
into the substrate, increasing the absorptive area. Furthermore, metallization can be
placed on top of the highly doped areas for good ohmic contacts without blocking any
incident light. Previous works creating hyperdoped silicon photodetectors have used lightly

doped silicon wafers [5], [7], [10].

However, in a hyperdoped device the photosensitive region is independent of the PN
junction geometry. As the carrier lifetime is low, it is more important to quickly separate
charge carriers for extraction by intensifying the built-in electric field. It has been suggested

that this can occur by increasing the substrate doping [8], which is further supported by
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simulations done in Simudo [62], a Poisson/drift-diffusion device model for intermediate

band materials created in house:

Figure 3.5: Poisson drift/diffusion model in Simudo of a contact between the gold

hyperdoped area and a highly doped emitter. The gold concentration is exponentially
decaying from the surface, while the emitter and substrate are uniformly doped. From

Jacob J. Krich, personal communications.
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Figure 3.6: Electric field distribution for substrate doping concentrations of 10 cm3
(top) and 10" cm3 (bottom) as a function of position. Higher doping concentrations
significantly increase the electric in the hyperdoped area. From Jacob J. Krich, personal

communications.

Furthermore, gold is usually an amphoteric dopant in silicon, meaningitis capable
of simultaneously behaving as a donor and as an acceptor. Thus, it is worth investigating if
gold hyperdoped silicon devices can be fabricated on p type substrates, as previous works

have exclusively focused on n type substrates.
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Table 3.2: Substrates used for this work. All wafers are (100) silicon with 300 nm of

thermal oxide.

Substrate Name Doping Source

Phosphorous doped (n)

1A University Wafer
1-10Qcm
Phosphorous doped (n)
1B University Wafer
1-10Qcm

Antimony doped (n)
2A NOVA Electronic Materials
0.01-0.02Qcm

Boron doped (p)
3A NOVA Electronic Materials
0.01-0.02Qcm

The Simudo simulations above show that despite the lateral device design, a built-in
electric field still forms in the gold hyperdoped silicon layer. Thus, reverse bias can be
applied during device operation to improve the charge collection efficiency. Currents can
be measured using an ammeter. Figure 3.7 illustrates a typical setup for device operation in

reverse bias with an ammeter to measure photogenerated current.
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Figure 3.7: Cross section of a device during operating conditions. Blue arrows denote

the field lines of the device’s internal electric fields.

3.3 lon Implantation Process Development

lon implantation is an aggressive process that cannot be masked via typical

photoresist masks. Harder masking materials such as silicon oxide are used instead, which
can be readily grown via thermal oxidation on a silicon wafer prior to purchase. As BOE has
excellent selectivity between silicon oxide and photoresist, a pattern can be created on top
of the silicon oxide layer and etched into the silicon oxide to serve as the ion implantation
mask. A suitable oxide thickness needs to be selected beforehand: thick enough to reliably
block an ion implantation, but as thin as possible to minimize the required etch time, and
thus the sidewall erosion due to isotropic nature of the HF wet etch. Monte Carlo

simulators such as SRIM are used to predict and plan ion implantation processes.

As the University of Ottawa does not possess an ion beam for implantation, this
step was outsourced. Initially, plans were made to have the implantation done at the

University of Sherbrooke. However, | found out that their ion beam has a minimum implant
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energy of 25 kV. SRIM produces the following graphs for a 25 kV boron implant:
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Figure 3.8: Raw SRIM Monte Carlo result (left) for a 25 kV boron implant into silicon

and the resulting boron distribution histogram as a function of ion beam dosage (right).

This was problematic, as it is desirable to have a shallow implant as the hyperdoped
gold region decays exponentially from the surface. The decision was made to perform the
ion implantation step commercially with Cutting Edge lons in the United States, as they

were willing to perform the implantation with a 4 kV implant energy.
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Figure 3.9: Raw SRIM Monte Carlo result (left) for a 4 kV boron implant into silicon and

the resulting boron distribution histogram as a function of ion beam dosage (right).

As photoresist masks are insufficient to block an ion beam, a hard mask of silicon
dioxide was used instead. Thermal oxidation is a well-known process which produces a
thin layer of oxide on top of a silicon wafer of a desired thickness. Silicon wafers with
varying amounts of pre-grown oxide are readily available on wafer supply catalogs. A 300
nm thermal oxide layer thickness was selected for this project as SRIM results show it is

sufficient to block a 25 kV ion beam:
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Figure 3.10: Raw SRIM Monte Carlo result (left) for a 25 kV boron implant masked by a
300 nm layer of silicon dioxide and the resulting dopant distribution histogram (right),

10000 trials. Note how the boron was completely stopped by the silicon dioxide layer.

Multiple lower energy implants were evaluated from 2 kV to 8 kV. The choice was

made to perform the ion implantations at 4 kV, as 2 kV showed to be excessively shallow.
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Boron Implant Energy Comparison

Figure 3.11: Aggregated Monte Carlo simulations from SRIM for a boron ion

implantation process with varying implant energies.

3.4 Etch Process Design

As the process flow requires multiple patterns that need to be alignhed to each other,
itis necessary to etch alignment marks into the surface of the silicon as the first step of the
process. An aqueous solution of 49% potassium hydroxide (KOH) was selected to
accomplish this. AKOH etch is self terminating at the (111) silicon plane [63], which forms
trapezoidal cavities with sidewalls at a 54.7° from the (100) surface. It is often heated to
approximately 80 °C to increase the etching speed to micrometers per minute, but as the
alignment marks do not need to be deep, only visible, room temperature KOH was used to
simplify the process. Test samples were used to calibrate the process by varying etch
times. Measurement of etch depths was done using profilometry. Alignment marks include
both words to indicate the layout of each device, as well as symbols to provide XY and

rotational alighment capabilities.
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Figure 3.12: Optical microscope image post KOH etch calibration on a (100) test silicon
wafer for 30 min. Alignment marks become clearly visible under the optical microscope,

allowing subsequent patterns to be aligned.
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Figure 3.13: Pattern used to create alignment marks. Subsequent patterns in the

process flow have “L” shapes designed to fit into the slots. Aligning to several marks
allows for rotational alignment.

In addition, the HF etch on the thermal oxide needed to be calibrated as well. Due to
the isotropic nature of the etch, sidewalls will be eroded at the same rate as the intended

etch. Itis essential to minimize etch time to maintain pattern fidelity.

Similarly to the KOH etch calibration, HF etch calibration was done by soaking the

sample in HF for varying amounts of time and measuring the etch depth using profilometry.
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Figure 3.14: Top view optical microscope image of device wafer following ion
implantation. Blue is the 300 nm silicon oxide mask, gray is the silicon substrate. Some

damage to the silicon oxide mask is visible due to the ion beam.

3.5 Metallization Process Design

Metallization is an important part of every photonic device to either supply or extract
charge carriers. As discussed in chapter 2, the choice of metal cannot be arbitrary; the
metal and semiconductor must be compatible to form a proper ohmic contact.
Furthermore, most metalizations require thermal anneals to restore crystallinity to the
metal film or to bond with the silicon substrate. These requirements may clash with gold
hyperdoped silicon, as gold segregates out of silicon when heated above 350 °C. Thus, the
position of the metallization processes within the process flow needs to take into

consideration this fact.

As the Fermi level shifts depending on the doping type of the silicon, different

metals need to be used for contacts to p or n type silicon. Aluminium is the natural choice
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of metal for this purpose: it belongs to the same element group as other p type dopants, it
requires lower temperature anneals due to its lower melting point, and it readily bonds and
alloys with silicon [64]. Furthermore, aluminium rapidly forms a passivating oxide in
standard atmosphere, protecting the thin film. Aluminium was the standard contact metal
for integrated circuits in the early days of the industry, however, has been supplanted by
titanium copper bilayers due to electromigration issues as feature sizes shrunk [65]. As
features sizes for this work are large enough for electromigration to not be a concern,

aluminium was selected for as the p type contact metal.

Aluminium contacts to silicon are usually annealed at 425 °C. As this step was to be
performed after the pulsed laser mixing process, this anneal would have exceeded the
thermal budget of gold hyperdoped silicon. | experimentally verified that a lower

temperature anneal at 300 °C would be sufficient to form an ohmic contact.

For the n type contact metal, titanium was selected based on prior work done at the
NanoFab. Titanium is a standard contact metal for silicon in the semiconductor industry for
salicide (self-aligned silicide) contact recipes [43]. A thin film of titanium on a silicon
substrate will react during a sufficiently high temperature annealing process, forming TiSi..
Titanium silicide has two distinct phases: C49, which forms at 700 °C and has high resistivity
(60-300 pQ cm) and C54, which forms at 800 °C and has a lower resistivity (13-20 uQ cm).
It has previously been reported that the C54 phase forms rapidly once the required

temperature has been met [42], thus an 800 °C anneal for 5s was selected.
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Figure 3.15: Sheet resistance of titanium silicide for varying anneal times and
temperatures. Higher resistivities indicate the formation of the C49 phase, while lower

resistivities indicate the formation of the C54 phase. Taken from [43].

Despite titanium’s excellent adhesion and silicide formation, it also exhibits high
resistivity for a metal. Thus, a thin titanium film is used to form the ohmic contact and to
act as an adhesion and diffusion layer, while a more conductive metal such as copper or
gold is deposited on top. The latter property is particularly important, as both gold and
copper create deep electronic traps in silicon. | created and characterized both titanium

copper and titanium gold bilayers for this work.

3.5.1 Transfer Length Method Calculations

To characterize the specific contact resistivity of the metallization recipes, the
Transfer Length Method (TLM) was used. Circular TLM structures were deposited as a part
of every metallization. Furthermore, metallization recipes were verified on test pieces of

silicon prior to the process flow.
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TLM requires that I-V measurements be taken across different gap lengths. The

specific contact resistivity is determined using [55]:
— 2
pPc = RsL7

Where p. is the specific contact resistivity, Rs is the sheet resistance of the
semiconductor, and Lris the transfer length. However, it is not possible to directly measure

pcor Lr. Instead, they are related to the total measured resistance by:

P _RSl (r+d)+L (1+ 1 )
tOt_Zn[n r T\r r+d]

Where ris the radius of the contact pad, d is the size of the gap and R is the total
measured resistance. As r and d are determined by the mask pattern and R is easily
measured, Rs can be extracted if Ly is known. Lrcan be found by plotting extracted
resistances for a variety of gaps and performing a linear regression. The x intercept of the

linear regression will be 2L.

The equation for the total resistance is unwieldy. If the gap is significantly smaller
than the radius of the contact pad (d <<r), the aforementioned equation can be

approximated to:

S
Rtot -

2L
s ld + 2L;]c

This approximation uses a first-order Taylor expansion on the natural logarithm in

the original equation. It also requires the use of a correction factor, ¢, which is given by:

_rl (r+d>
c—dn ”
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Figure 3.16: TLM performed on an aluminium contact using a variety of gap lengths.
The graph on the left shows compiled |-V curves for varying gap lengths, while the

graph on the right shows a linear regression performed on the extracted resistances.

Figure 3.14 shows the TLM method performed on experimental data for a 200 nm
thick aluminium contact, after a 15 min anneal at 300 °C. As the |-V curves show ohmic
behaviour, meaningful resistances can be derived from their slopes. These resistances are
plotted against their corresponding gap length which allows a linear regression to be made.
The transfer length, Ly, can be extracted from half the x intercept, 40 pm, which allows for
the calculation of the average contact resistivity, 2.84 x 10°Q cm?, for this set of TLM
structures. This plot was generated using a Python script that | developed for automating

TLM analysis.

3.6 Conclusion

This chapter discussed the design rationale of each process in the process flow. All
the aforementioned work was done prior to individual process calibration, whose results

will be discussed in chapter 4. Typical device layouts for photodetectors and solar cells
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were used, as well as interdigitated doping structures. Substrates with different
background doping were selected to investigate whether it would result in an increased
field within the optically active areas of the device. Monte Carlo simulations using SRIM
were used to select the energy and thermal oxide thickness for the ion implantation
process. Finally, discussing the chemical and electrical properties of the etching and
metallization processes were discussed as well for creating the alignment marks, ion

implantation mask, and contact pads.
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Chapter 4 Experimental Results and Issues

| performed much experimental work with a wide variety of equipment for this
thesis. Chapter 4 covers the recipes used for each process, results of the process
calibration and full process flow, and the issues that arose during the full process flow such
as incomplete development of thick photoresist layers. See chapter 3 for the reasoning and
design process of each process. EQE and I-V measurements from the final fabricated

devices will be presented as well.

4.1 Photolithography Process

Two photolithography recipes were used during this work for pattern generation
purposes. The first photoresist used is SPR220-7.0 [66], a positive, viscous, and
commercially available photoresist. The second photoresistis SPR955 [67], a positive and
fluid photoresist, used in tandem with LOR1A [68], a lift off resist, for creating undercut
profiles. SPR220 and SPR955 are commercially available from Kayaku Advanced Materials
and Dupont Electronic Materials Megaposit series of photoresists, whereas LOR1A belongs

to Kayaku’s LOR series of lift off resists.

UV exposition was done using the I-line (365 nm) of a mercury lamp. Masks were
designed by Mathieu de Lafontaine and produced at the University of Alberta’s NanoFab. |
carried out the photolithography processes at the University of Ottawa’s NanoFab with the
available spin coater, mask aligner and materials. Prior to each UV exposition, the intensity

of the lamp was measured and exposure time calculated.

4.1.1 SPR220

As the high viscosity of SPR220 causes it to form thick layers during spin coating,
patterns derived from SPR220 were used to mask processes with aggressive chemicals,
such as HF etching of SiO.. It was also used as a protective layer without UV exposition

during the backside metallization, dicing, and aqua regia cleaning processes.
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Table 4.1: SPR220 recipe used for this work.

UV dosage 550 mJ/cm?, 365 nm
Soft bake 115°C, 90s
Spin speed 3000 RPM
Development MF-24A, 60s (variable)
Remover Remover 1165/ Acetone
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Figure 4.1: SPR220 film thicknesses for varying spin speeds and formulations.Taken
from [66].

For spin speeds of 3000 RPM for SPR220-7.0, | found using profilometry that the
resulting film thickness would be 7 — 8 um. This correlates with the data provided by the

manufacturer.
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4.1.2 SPR955

SPR955 is a photoresist similar to SPR220. Both share the same photoactive
compound and base resin, however the solvent for SPR955 is less viscous. This results in
photoresist films that are much thinner, allowing for higher resolutions. For this work,

SPR955 was always spun on top of LOR1A prior to metallization to allow lift-off processes.

Table 4.2: SPR955 recipe used for this work.

UV dosage 95 mJ/cm?

Soft bake 90 °C, 5 min

Spin speed 3000 RPM

Development MF-321, 45s

Remover Remover 1165, Acetone
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Figure 4.2: SPR955 film thicknesses for varying spin speeds and formulations. Taken
from [67].
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4.1.3 LOR1A

LOR1A is the least viscous lift-off resist of Kayaku’s LOR series. This work uses
LOR1A to create undercuts underneath a SPR955 layer, which contains patterns used for

metallization. As it lacks a photoactive compound, it is unaffected by UV exposition.

Table 4.3: LOR1A recipe used for this work.

Soft Bake 170 °C, 5 min
Spin Speed 6000 RPM
Developer MF-24A / MF-321
Remover Remover 1165 / Acetone

Thickness vs. Spin Speed - LOR A Thin Series
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Figure 4.3: LOR A film thicknesses for varying spin speeds and formulations.Taken
from [68].
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4.1.4 Photolithography Issues

During the initial stages of the process flow, SPR220 was used for creating the
patterns for HF etching of the thermal oxide. The first patterns for HF etching of the thermal
oxide suffered from incomplete development of the photoresist layer. These issues did not
arise during process calibration as calibration was done using small shards of silicon, while

the full process flow used full wafers 100 mm in diameter.

190 uin

Figure 4.4: Optical microscope image of incomplete photoresist development. Blue is

the underlying oxide, beige is a layer of SPR220 post development.

Interference fringes visible via optical microscope reveal the presence of a thin layer
of photoresist within the exposed areas, indicating that the photoresist development
process was incomplete. Incomplete development was caused by incomplete hydration of
the photoresist layer post exposure. Positive photoresists are converted to an acidic

compound upon exposure to UV light, which dissolves in an alkaline developer solution.
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This acidification reaction requires water (see section 2.5.1). For thin layers and small
samples this requirement can be ignored as ambient humidity will quickly hydrate the
photoresist. However, for a large wafer and thick photoresist layer, the time between the
hot plate and the mask aligner may not be sufficient to fully hydrate the photoresist layer.
Dry photoresist does not dissolve in developer solution, even if it has been exposed to a
sufficient UV dose. After this issue was discovered, subsequent samples were allowed to
rest for 2 hours post soft bake to allow the SPR220 layer to hydrate from the ambient

humidity.

Furthermore, it was found that the hot plates used for the soft bake were not
perfectly uniform. The non-uniformity was insufficient to cause issues with smaller
samples but caused some parts of the full wafer to be over/under baked. Using a
temperature probe, it was found that parts of the hot plate were 10 °C colder than the set
temperature of 115 °C (SPR220 soft bake). Subsequent soft bakes were done by checking
the hot plate before with the temperature probe and placing the wafer on the most uniform

temperature area.
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Figure 4.5: Thermal image taken using a FLIR ONE with an iPhone XR. The top right
corner of the hot plate is hotter than the lower left corner.

4.2 Metallization Processes

Three metallization recipes for forming device contacts were used during this work.
200 nm of aluminium was used for creating contacts to p type silicon, while 10/50 nm of
titanium and gold were used for creating contacts to n type silicon. Titanium copper
bilayers were also investigated for use as a low temperature contact, in 10/100 nm and
30/100 nm thicknesses. All metalizations were deposited via electron beam evaporation
using an Angstrom NexDep system and annealed using a Surface Science Integration

Solaris 100 rapid thermal processing system.
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Additionally, the NexDep system was used to deposit 1 nm of gold for pulsed laser
mixing via thermal evaporation instead of electron beam evaporation. This step was

immediately prior to PLM.

4.2.1 Aluminium Metallization

200 nm of aluminium was used to form contacts to p type silicon. These would form
the top contacts for the device. As this process is to be done after the PLM process, a low
temperature anneal is essential to maintain the integrity of the gold hyperdoped silicon.
Aluminium has a lower melting point than most metals, and is usually annealed at 425 °C.
In comparison, titanium contacts are annealed at 800 °C, thermal oxidation of silicon is
done at 1000 °C, and dopant activation anneals are done at 1200 °C. However, 425 °C
exceeds the thermal budget of gold hyperdoped silicon. | investigated whether the
aluminium contact could be annealed at 300 °C prior to beginning the process flow. Figure
4.6 shows a TLM structure for testing the aluminium contact recipe. As aluminium rapidly
develops a hard native oxide when exposed to air, probing the contact requires piercing the

aforementioned oxide which damages the contact.

Figure 4.6: Optical microscope of a 200 nm aluminium film used for 4 probe |-V

measurements for TLM.
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Table 4.4: Aluminium metallization recipe used for this work.

Metals used Aluminium
Metallization thickness 200 nm
Substrate p-type silicon
Deposition process Electron beam evaporation
Anneal recipe 300°C, 15 min
Anneal atmosphere 10 sccm, N,
Mean Pre-anneal contact Resistivity Schottky
Mean post-anneal contact resistivity 3.22x10°Q cm?

As this recipe is intended for the final step of the process flow, the anneal would
apply to the gold hyperdoped silicon as well. Shorter anneals were investigated as well to
minimize the risk of thermal damage to the gold hyperdoped silicon. The recipe described
in table 4.4 was attempted with a 10 min anneal instead of a 15 min anneal, resulting in an
increase in mean specific contact resistivity from 3.22x10°Q cm?t0 3.73x 10° Q cm?.
However, not all contacts became ohmic, so the 15 min anneal was used to ensure ohmic

properties.
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Figure 4.7: RTP temperature monitor for annealing a 200 nm aluminium contact. The
system overshoots the desired setpoint of 300 °C by 3 °C, stabilizing at 300°C roughly a

minute later.

4.2.2 Titanium Gold Metallization

For the n type silicon contact, a bilayer of titanium and gold was selected. As this
contactis made prior to pulsed laser mixing, the thermal budget is high, allowing for
titanium’s required high temperature anneals. Titanium has excellent adhesion and ohmic
contact forming properties, however, it has high electrical resistivity. A thin layer is used to

form the initial contact and subsequently capped with a layer of gold.
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Figure 4.8: Optical microscope image of the 10/50 nm Ti/Au metallization bilayer for 4

probe |-V measurements for TLM. Gap sizes are the same as described in figure 4.6.

Table 4.5: Titanium gold bilayer metallization recipe used for this work.

Metals Used Titanium / Gold
Metallization Thickness 10/50 nm
Substrate n-type Silicon
Deposition Process Electron Beam Evaporation
Anneal Recipe 800°C,5s
Anneal Atmosphere 10 sccm, N>
Mean Pre-anneal Contact Resistivity Schottky
Mean Post-anneal Contact Resistivity 5.36 x10°Q cm?
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Figure 4.9: RTP temperature monitor for annealing a 10/50 nm Ti/Au contact. Due to

the short anneal duration (5 s) and high thermal budget, the overshoot is negligible.

4.2.3 Titanium Copper Metallization

As one of the wafers has p type background doping instead of n type, a low
temperature n type contact is needed. A titanium copper bilayer was investigated for this
purpose. First, a 10/100 nm of Ti/Cu was made which was not ohmic even with an anneal. |
noticed that after the anneal, the current dropped by an order of magnitude for the same
voltage range, which is believed to be caused by copper diffusion across the titanium,
contaminating the underlying silicon with deep level electronic traps. By increasing the
thickness of the titanium to 30 nm, an ohmic contact was made without requiring an

anneal. However, upon anneal, the contact loses its ohmic properties.
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Figure 4.10: Optical microscope image of the 30/100 nm Ti/Cu metallization bilayer for

4 probe |-V measurements for TLM. Gap sizes are the same as described in figure 4.6.

Table 4.6: 10/100 nm titanium copper metallization recipe investigated for a low

temperature n type contact.

Metals used Titanium / Copper
Metallization thickness 10/100 nm
Substrate n-type Silicon
Anneal recipe 300 °C, 2 min
Anneal atmosphere 10 sccm, N2
Mean pre-anneal contact resistivity Schottky
Mean post-anneal contact resistivity Schottky (current decrease by 10x)

Increasing the thickness of the titanium creates an ohmic contact as deposited but loses

ohmic properties upon anneal.
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Table 4.7: 30/100 nm titanium copper metallization recipe investigated for a low

temperature n type contact.

Metals Used Titanium / Copper
Metallization Thickness 30/100 nm
Substrate n-type Silicon
Anneal Recipe 300 °C, 2 min
Anneal Atmosphere 10 sccm, N3
Mean Pre-anneal Contact Resistivity 8.87x10°¢Q cm?
Mean Post-anneal Contact Resistivity Schottky
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Figure 4.11: RTP temperature monitor for annealing a 30/100 nm Ti/Cu contact.

It’s worth noting that Ti/Cu bilayers are used in the modern integrated circuits

industry to form chip interconnects. Much previous work has gone into developing effective
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adhesion barriers against copper diffusion [69]. However, industrial anneals are short and
high temperature; similar to the Ti/Au recipe used. The short duration limits the diffusion of
copper, while the high temperature forms a silicide, which pushes the contact deeper into

the silicon. Thus, a long, low temperature anneal harms the contact instead of improving it.

4.3 Etch Calibrations

Two etching recipes were used during this work. Etching of silicon oxide was done
using 10:1 buffered oxide etch for removing native oxide and creating the hard masks for
ion implantation and alignment mark etching. Etching of the underlying silicon was done
using 49% aqueous potassium hydroxide solution (KOH) for creating the alignment marks.
As wet etches can exhibit huge variations, they were calibrated before beginning the

process flow. All etches were done at room temperature (300K).

4.3.1 Wet Etching of Silicon Dioxide

Thermal oxidation is a common process for generating a thin film of silicon oxide on
top of wafers. This layer of silicon dioxide is useful as a hard masking material for
aggressive processes such as ion implantation or alignment mark etching, which are
generally the first steps of any process flow. However, the process is chemically messy,
which means that the etch rate can be highly variable. Thus, itis required to determine the

etch rate for the current environment beforehand.

Average etch rate was determined by soaking multiple samples from the same
source for varying amounts of time. Initial and final oxide thicknesses were determined

using ellipsometry.

| had the privilege to visiting the National Cheung Kung University’s Academy of
Innovative Semiconductor and Sustainable Manufacturing (NCKU AISSM) in Tainan, Taiwan
for their semiconductor summer school during my masters. | was able to withess thermal
oxidation of a 100 mm silicon wafer firsthand, which | subsequently received as a gift. This

wafer was used to help with etch calibrations for this work.

Table 4.8: Etch rates of thermal oxide using 10:1 BOE, by wafer source.
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Commercial Retailer Etch Rate

University Wafer 0.9 nm/s
Nova Electronic Materials 0.8 nm/s
NCKU AISSM 6 nm/s

University Wafer and Nova Electronic Materials are based in the United States, so
their thermal oxidation processes are likely similar. The etch rate was significantly greater

on the thermal oxide from Taiwan, likely due to the difference in processing equipment.

4.3.2 Wet Etching of Silicon

Strong alkaline solutions such as KOH are known to etch silicon anisotropically
along the (111) plane. Etch rates are slow at room temperature but can etch micrometers
per minute when heated, which is often used for creating cavities for MEMS devices.
However, as the intended purpose of this etch is not depth but rather visibility, room

temperature KOH was used to reduce the complexity and hazard of the process.

The gift wafer | received was used to calibrate the KOH etch as well. The surface
crystal orientation of the wafer was discovered to be (111), which means the KOH etch rate

will be low relative to the (100) wafers.
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Figure 4.12: Optical microscope image of an alignment mark set used for this work.

Two of the alignment marks have already been used for ion implantation (top right) and
1 nm gold thin film deposition (bottom right).

Table 4.9: Room temperature KOH etch rates on silicon with varying crystal orientation.

Surface Crystal Orientation KOH Etch Rate (300K)
(100) 10 nm/s
(111) 2.5nm/s
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4.4 1-V Measurement Testbench
To verify that the process flow was properly conducted, characterization of the
fabricated photodetectors was performed using a 1310 nm laser. |-V curves were measured

using a four-probe measurement at the SUNLAB:

Figure 4.13: Measurement setup used to characterize the fabricated gold hyperdoped
silicon photodetectors. This is the PPC station at the University of Ottawa’s SUNLAB.

Figure 4.13 shows the measurement setup used to obtain the following results. The
finished wafer with the gold hyperdoped silicon photodetectors is placed upon a brass
sample plate, which provides the positive force and sense contacts. Two probes attached
to micromanipulators (Quater Research, model XYZ300 ML) are used to contact the top

aluminium contacts, which provides the grounded force and sense contacts. A pair of
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optical components from ThorLabs (PFE20-M01 gold elliptical mirror, LA-1401-C -NBK7
plano-convex lens) focuses fiber-coupled light from the left onto the sample to a spot size
of roughly 1 mm diameter. Not shown in figure 4.13 is an Olympus SZ61 stereo microscope,
which is used to guide probe placement by hand on the device’s contact pads using the
micromanipulators. Finally, lighting for experimental setup is provided by an IKEA

NAVLINGE work lamp.

~A

.o T Tl
+021.103°C
Setpoint 1+025.000°C

Figure 4.14: Keithley instruments used to characterize the fabricated gold hyperdoped
silicon photodetectors. On the left is a 2510 TEC SourceMeter and on the right is a
2420 SourceMeter.

Figure 4.14 shows a pair of instruments from Keithley that were used during
characterization. The 2510 TEC SourceMeter is used to control the temperature of the
brass sample plate with a setpoint of 25 °C. The 2420 SourceMeter is a 4 wire multimeter

used to apply the voltage biases and to measure the resulting current.
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Figure 4.15: The 1310 nm laser used to provide the short-wave infrared illumination for

characterization of the gold hyperdoped silicon devices.

The 1310 nm illumination was provided by a Dilas diode laser, model M1F4S22-
1310.20-14C-SS5.2. Optical output was coupled to an optical fiber, which outputs into the
experimental setup shown in figure 4.13. The power output of the laser as a function of

laser current is approximately:
P, () =~ 0.32(I = 9)

where P, is the laser optical output in watts, and / is the laser diode’s input current in
amperes. For the following measurements, 12 A of laser current were used, which was
measured to provide an optical power of 0.95W over a spot size of roughly 1 mm in

diameter.
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Figure 4.16: Enclosed testbench for both dark and light I-V measurements.

To obtain the following |-V curves, the selected device was contacted using the
probes and micromanipulators as described above. Dark current measurements were
taken by enclosing the entire testbench in a black box, with dark curtains to close the gaps
in the box. This is shown in figure 4.16. |-V measurements were repeatedly taken
backwards and forwards from 2 to -5 V of bias until the |-V curve stabilized (minimum of
four times). Next, the laser was turned on and the |-V curve measured again from2to -5V

of bias. These were done to ensure diode behaviour and to electrically stabilize the device.

93



Bottom Second Row Teeth Over 350p+ Dark

-2 -1 1 2 3 4
1.00E-01

1.00E-02

1.00E-03

% * Trial1 ¢+ Trial 2
180E-04
* Trial 3 * Trial 4

1.00|

Current (A)
[42]

1.00E-0§
[ ]
[ ]

[
L.O0E-07

1.00E-08
1.00E-09

1.00E-10 -
Reverse Bias Current (V)

Figure 4.17: Dark current measurement for a device using the teeth design.

The dark current measurement for a teeth design is shown in figure 4.17. Four trials
were done in order to stabilize the device. The effect was most prominent at lower reverse
bias voltages. Devices were deemed sufficiently stable when a trial differed from the

previous trial by less than 5%, on average, for a minimum of 4 trials.
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Figure 4.18: |-V measurement of the device in figure 4.17, under 1310 nm laser

illumination.

I-V measurements under 1310 nm laser illumination were taken after the device
under test was deemed acceptable. Alignment was done using a pilot light prior to the
enclosement of the testbench, so the probes and sample were not moved between dark
and light measurements. While the voltage bias ranged from 2 to -5V, figure 4.18 only

shows biases from 0 to -5V to emphasize the operation regime of the device.

While the measured output power of the laseris 0.95 W, not all of the light enters
the device. As the device does not have an antireflection coating, roughly 30% of light is

reflected from the device. The reflectivity can be determined using:

ny —np 2

R =

ny +n,

At 1310 nm, silicon has a refractive index of 3.5 [70]. Using a refractive index of 1 for
air, a reflectivity of 30.8% can be expected. Furthermore, as the spot size of the laser is
larger than the photoactive areas of each device, not all the light will enter a photoactive
area. This is complicated by the fact that each device has a differently sized photoactive

area.

For the purposes of estimating a responsivity, | will assume that the entire power of
the laser is uniformly distributed across the 1 mm spot size, which gives an intensity of 1.21
W/mm?. This is multiplied by the area of the gold hyperdoped area to estimate the total
optical power incident on each device. The photogenerated current is subsequently

calculated using the difference between the dark and light currents at -5V of reverse bias.
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Table 4.10: Characterization results of light and dark |-V measurements for a variety of

device layouts. The best performing layout is bolded.

Dark Light Photocurrent  Photoactive  Responsivity
Current at Current at (A) area / (A/W)
-5V -5V Incident
(A) (A) optical power
Teeth — 0.28 mm2 /
8.92E-6 1.14E-5 2.49E-6 1.05E-5
Over 350 p+ 0.2372 W
Teeth —
0.1302 mm2 /
-4 pm 350 p+ 4.32E-6 2.30E-5 1.87E-5 1.69E-4
0.1106 W
Teeth — 0.1764 mm2 /
2.54E-5 3.63E-5 1.09E-5 7.3E-5
+2 ym 350 p+ 0.1491 W
Teeth — 0.28 mm2/
0.000283 0.000284 1.0E-6 4.21E-6
Over 300 p+ 0.2372 W
Corner — 0.04 mm2 /
0.001417 0.001416 -1.0E-6 0
200Au 350p+ 0.0332 W
Corner — 0.04 mm2 /
5.96E-5 6.24E-5 2.76E-6 8.14E-5
200Au 250p+ 0.0332 W
Busbar —
3.39E-5 3.50E-5 1.13E-6 0/0 0
REF 250p+
Busbar — 0.21 mm2/
0.001033 0.001031 -2.508E-6 0
300Au 250p+ 01779 W

Table 4.10 summarizes the characterization results for a representative sample of

each device layout format. The best performing layout is the teeth design with 4 um of

separation between the p+ conductive “highways” and the photoactive gold hyperdoped

silicon. This suggests that mixing p dopant and gold has a negative impact on device

performance, and that interdigitated structures are effective for improving the performance
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of gold hyperdoped silicon photodetectors. The next best performing device is the corner
design with a 200 um gold square inside a 250 ym thick square ring of p+ silicon. However,
the responsivity of this device could be skewed by the small photoactive area, which leads

to a small denominator for the responsivity calculation.

Furthermore, the presence of negative photocurrents and a positive photocurrentin
the reference device suggests that noise is an issue. The laser powers used are expected to
heat up the device under test, which increases the amount of thermally generated noise.
From the negative current results shown in table 4.10, | will estimate this noise floor to be

on the order of microamperes.

4.4.5 Shunted Devices

Some of the devices were shunted, meaning that their dark |-V curves were linear
rather than diode-like. They arise due to an unwanted electrical connection between the
front and back contacts of the device, which bypasses the diode and renders it optically
inactive. Shunts are caused by errors in the process flow or defects in the wafer. Previously
shown I-V measurements in section 4.3.4 removed the forwards bias |-V curve to focus on
the effects of infrared illumination, however some devices were linear over positive and

negative voltages:
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Figure 4.19: A shunted device. 10 and 20 A of laser current correspond to 0.3 and 3.3

W of laser power, respectively.

Figure 4.19 shows the |-V results for a shunted device. Due to the shunt, the reverse
and forward currents are on the same order of magnitude, instead of the 3 — 4 orders of
magnitude difference as shown in the previous chapter. This is usually caused by crystal

defects or fabrication imperfections.
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Chapter 5 Conclusion and Future Work

During this project, a repeatable, industry compatible process flow was designed,
validated, and carried out to produce short wave (1000 — 2500 nm) infrared photodetectors
from gold hyperdoped silicon. Short wave infrared light has several applications across the
telecommunications, imaging, and defense fields. Photodetectors for these applications
require materials with bandgaps smaller than silicon’s, such as germanium, InGaAs, or
HgCdTe. The rarity of these elements coupled with processing difficulties significantly
raises the price of devices derived from them. It is preferable to make devices out of silicon
due to its abundance, reliability, and available resources for silicon microfabrication. By
introducing an intermediate band in silicon via gold hyperdoping, the spectral absorptance
of silicon can be extended from 1100 to 2500 nm, allowing it to replace the less abundant

materials listed above.

Prior work on hyperdoped silicon implanted the hyperdopant via ion implantation.
While this is effective at producing the concentrations required for intermediate band
formation to sufficient depth, the elements used as hyperdopants are forbidden in most
ion implanters as they pose a significant contamination hazard. This work deposits the
hyperdopant as a thin film via thermal evaporation which is a process compatible with
industry. Furthermore, UV photolithography was used for creating patterns, increasing the
throughput relative to electron beam lithography. Finally, picosecond pulsed lasers are
already in use in the silicon microfabrication industry for the amorphization of crystalline
silicon. Extending the pulse time to the nanosecond range would allow the pulsed laser

mixing process to be done.

Standard silicon photodetector fabrication heavily emphasizes cleanliness; gold, in
particular, is known to significantly decrease charge carrier lifetime [16]. Hyperdoped
photodetectors have short carrier lifetimes, which hinders photodetector performance.
Device layouts were designed to mitigate this effect by reducing the distance a

photoexcited charge carrier needs to travel to leave the high gold doping to create current.
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Photodetectors were characterized with EQE and |-V measurements. Reference samples

without any gold but otherwise identical were characterized as well.

Devices were fabricated on four wafers with varying amounts of background doping.
These include two lightly doped n type (1 - 10 Q cm, phosphorous) wafers, one heavily
doped n type (0.01 - 0.02 Q cm, antimony) wafer, and one heavily doped p type (0.01 -0.02
Q cm, boron) wafer. Typical photodetector fabrication uses lightly doped n type silicon
substrate combined with a strongly doped p+ emitter to create a large depletion
(photoactive) region in the substrate, mitigating silicon’s poor absorption coefficient. Since
the photoactive volume for a hyperdoped photodetector is independent of the geometry of
the PN diode, a strong built-in electric field in the hyperdoped region would be beneficial
for efficiently separating photogenerated charges. Simulations show that increasing the

substrate background doping achieves this by reducing the width of the depletion region.

| performed much work validating the processes to be used for this process flow,
such as the metallization, etching, and ion implantation recipes. These recipes were
designed with gold hyperdoped silicon in mind but are universally applicable to silicon
microfabrication process flow. | also performed the EQE and |-V measurements myself,

along with dicing needed to remove samples.

Future work could involve inverted photodetector designs. As the photoactive area
is not determined by the PN diode, it may be possible to remove it completely and directly
attach the hyperdoped area to a contact. Since gold is a dopant compensator, the
hyperdoped area would act as a depletion region. Charge separation can be achieved by
applying a reverse bias. Such a design would minimize the distance travelled by a
photoexcited carrier before collection, mitigating the main issue of hyperdoped silicon.
Similar structures have been achieved using a transparent graphene layer as the contact
material, however graphene is not a standard material for the semiconductor industry. As
ordinary silicon is transparent in the short infrared, it may be possible for the optical input

to be on the other side of the wafer.

100



Figure 5.1: Proposed inverted photodetector design using gold hyperdoped silicon.

A new photodetector design is suggested in figure 5.1. By placing a contact directly
on top of the gold hyperdoped silicon, the travel distance for a photoexcited carrier is
minimized. Infrared light can be inputted through the silicon wafer, as silicon is transparent
at these wavelengths. However, such a design would require a mask aligner with front-back
alignment capabilities, which would complicate the required process flow. Nevertheless,
new device designs are needed to increase the efficiency of devices based on gold

hyperdoped silicon.
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