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Abstract

Infrared devices play an important role in cutting edge applications including defence and
security, gas detection, biomedical sensing, thermal imaging and 3D sensing. Antimony (Sb)
based type-Il superlattice (T2SL) materials are a strong candidate for next generation
infrared technologies and are now considered as a viable alternative to the state-of-the-art
mercury cadmium telluride (MCT).

To date, molecular beam epitaxy (MBE) has been the prevailing technique for growing Sb-
containing structures. However, the commercial exploitation potential using metal-organic
chemical vapor deposition (MOCVD) is highly attractive if material and device performance
can be improved to close the gap with MBE results. This work focuses on the two main Sb-
based T2SLs, the InAs/GaSb T2SL and InAs/InAsSb T2SL. All the growth performed in this
work was done via MOCVD.

The growth and fabrication of long wave infrared InAs/GaSb T2SL photodetectors were
investigated. Resulting in a InAs/GaSb T2SL nBn photodetector grown on an InAs substrate
with a cutoff wavelength of 13.5 um and a peak detectivity of 4.43x10° cm HzY/2/W at 77K.

The InAs/InAsSb T2SL was grown on GaSb substrates and fabricated with a cutoff
wavelength of 5.5um and a peak detectivity of 1.14x10'2 cm HzY2/W at 77K.

As well as growing the InAs/InAsSb T2SL on its native GaSb substrates. The InAs/InAsSb T2SL
was grown on highly mismatched GaAs and Si substrates which have large economic
benefits. An InAs/InAsSb PIN photodetector with a 100% cutoff wavelength of 5.25um was
then successfully grown on the GaAs substrates. With a peak detectivity was 7.44x10° cm
HzY/2/W at 77K.

The device performance in this work is competitive to current state of the art MBE results
indicating that MOCVD can be considered a viable alternative to MBE for the growth of Sb
based T2SL IR detectors at both mid and long Infrared wavelengths.
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Introduction

1.1 Infrared Detector Applications

Infrared (IR) detectors allow electromagnetic radiation that is invisible to both the naked
eye and standard cameras to be observed. As a result, they have become crucial for both
military and civilian uses, with the market projected to from USD 1.4 Billion in 2024 to USD
3.8 Billion by 2032 [49]. This work focuses on the wavelength range of around 3-12um
which includes both the mid-wavelength infrared radiation (MWIR) at 3-5um and the long-
wavelength infrared radiation (LWIR) at 8-12um.

MWIR detectors have a wide range of applications including; optical gas sensors for
pollution monitoring and industrial process control, medical diagnostics, as well as large
defence and security applications such as night vision and missile warning systems [50].
There are many important gases, such as CH4, CO; and CO, which have their fundamental
absorption bands in the MWIR spectral region as shown in Fig. 1.1.
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Fig. 1.1. Graph showing the various important gases that can be detected in the MWIR
spectral region [51].

This gas imaging is constrained by the performance of the MWIR detectors, and so
advancements must be made to allow for better and more accurate detection of gases for
both atmospheric monitoring as well as industrial gas sensing.

Thermography is a medical technique that allows thermal imaging of the body to detect
minute changes in the underlying tissues, which indicates neurological and vascular, as well
as metabolic pathologies [52]. Currently thermography utilizes the MWIR spectral region but
is limited by the currently available MWIR detectors which are bulky and relatively low
resolution.

MWIR also has many defence applications, especially in imaging “hot” objects with their
blackbody emission peaking within the MWIR range (~500-1000K). These kinds of objects
include missiles, drones, fighter jets and even muzzle flashes [50].



Although the peak emission of a human is around 9.55um, there are still many examples of
MWIR detectors being used to detect people. This is mainly due to how much easier it is to
create a higher performance MWIR detector than a LWIR detector. So, even if the target
peak emission is in the LWIR spectrum, the superior performance of the current MWIR
detectors can allow them to produce a superior image than a LWIR detector in the right
conditions. MWIR detectors are also generally preferred in high moisture conditions due to
the higher water absorption of LWIR radiation reducing the amount of radiation that
reaches the detector.

The main application of the LWIR spectrum is in the detection of people. The human body
emits its peak blackbody radiation at 9.55um and so naturally a LWIR detector would be
best suited to detect that radiation. Currently, due to the limitations of available LWIR
detectors, there is limited medical thermography work using LWIR detectors. However, if
the performance was equal between the different wavelength detectors, there would be a
wide range of diagnostic capabilities that would be improved by imaging focusing on the
main emitted wavelength of the subject. In terms of defence and security there are many
different applications in which being able to image a person who is either obstructed or in
the dark is useful. Currently, both MWIR and LWIR detectors are used in night vision and
general human detection applications. Generally, MWIR is still more common due to
superior detector technology. However, as the performance of LWIR detectors improves
this may change as they are naturally more suited to the application.

Another important application for human detection is autonomous vehicles where currently
a combination of visible light cameras and short-wave Infrared LIDAR systems are the
current standard [53]. By utilizing additional detectors that work at longer wavelengths the
autonomous vehicle will be able to more accurately track and avoid pedestrians especially in
environments where visible light cameras struggle such as in the dark, in foggy conditions
and when hit by bright headlights.

High performance, low cost, high yield, high uniformity, high operability, and high stability
are essential for these applications. Moreover, the extensive use of IR detectors in space
and defence applications makes it critical to reduce size, weight, and power. Size weight and
power reduction can be achieved by fabricating detector elements that offer high
performance without large and expensive cooling systems. Creating an IR detectors that
functions at high operating temperatures (>77K) is still incredibly challenging for MWIR
detectors and is even harder for LWIR detectors. This difficulty is due to the detector itself
emitting radiation in the LWIR if it is not cooled, causing large problem with signal to noise
ratio as the detector struggles to distinguish the radiation from the target from itself.



1.2 Current Infrared Detector Technology

Mercury cadmium telluride (MCT) is currently the leading material for IR detectors,
primarily because of its high external quantum efficiency (EQE), well-established fabrication
technology, and overall market maturity. However, MCT faces challenges such as epitaxial
difficulties, which result in poor uniformity at larger wafer sizes, leading to scalability issues
and high costs. Additionally, increasingly stringent regulations regarding the use of mercury
further complicate its use. These challenges drive the search for alternative material
systems for IR detectors that do not contain mercury.

Antimony (Sb) based type-Il superlattice (T2SL) materials are a strong candidate for next
generation infrared technologies and are now considered as a viable alternative to the state
of the MCT [54]. The Type-Il band alighnment of the T2SL gives the material system its flexible
band gap engineering capability, allowing for a widely tuneable bandgap. The T2SL structure
is also responsible for the suppression of band-to-band tunnelling, Auger recombination and
Shockley-Read-Hall recombination which make up a large proportion of the dark current in
MCT [55]. The last big advantage of the T2SL when compared to MCT is in its growth
uniformity. The ability to use standard IlI-V growth techniques such as molecular beam
epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD) to grow material with
good uniformity is a big advantage for the T2SL when compared to MCT.

There are two main candidates for the Sb based T2SL, the InAs/GaSb T2SL and the
InAs/InAsSb T2SL. Historically the focus has been around the InAs/GaSb T2SL due to its
larger optical absorption and larger wavelength range [56]. However, more recently the Ga-
free InAs/InAsSb T2SL has emerged as a promising new candidate due to its longer minority
carrier lifetime [57] and higher defect tolerance [58], particularly in the mid-wave infrared
region.

To date, MBE has been the prevailing technique for growing Sb-containing structures [59-
61]. However, the commercial exploitation potential using MOCVD is highly attractive if
material and device performance can be improved to close the gap with MBE results [47].



1.3 Thesis Overview

The thesis is divided into the following sections:

1.

Introduction. This chapter provides a short introduction to the current infrared
detector technologies and their main applications.

Background. This chapter provides an overview of the fundamental physics
underlying infrared detectors. It includes an introduction to IR radiation, a
description of different types of detectors, and the operation and history of T2SL.
Additionally, it discusses the figures of merit for IR detectors and compares the
latest advancements in the field.

Research tools. This chapter presents the technical specifics of the methods and
processes employed in this work, including growth, fabrication, and
characterization.

LWIR detectors made from InAs/GaSb T2SLs. This chapter reports on the MOCVD
growth, fabrication, and characterisation of LWIR InAs/GaSb T2SL photodetectors
onto InAs substrates.

MWIR detectors made from InAs/InAsSb. This chapter reports on the MOCVD
growth, fabrication, and characterisation of MWIR InAs/InAsSb T2SL photodetectors
onto GaSb substrates.

Growth of InAs/InAsSb T2SLs on non-native substrates. This chapter reports on the
MOCVD growth, fabrication, and characterisation of MWIR InAs/InAsSb T2SL
photodetectors onto GaAs substrates. As well as the MOCVD growth of InAs/InAsSb
T2SLs onto Si substrates.

Conclusions and future work. This chapter summarises the key conclusions of the
current work and offers recommendations for future research.



Background

This chapter introduces the fundamental principles of infrared (IR) radiation and its
detection. Both the PIN and barrier-based detectors are introduced and compared. The
main figures of merit for IR detectors are described to aid with the future comparisons
between detector technologies. The InAs/GaSb T2SL and the InAs/InAsSb T2SL are
introduced and their physical principles and relative advantages and disadvantages
compared to each other and the current state-of-the-art are included.

2.1 Infrared Radiation

Any object with a temperature higher than absolute zero releases electromagnetic
radiation, commonly referred to as blackbody radiation. A blackbody represents an object
that absorbs and re-emits all energy with perfect efficiency. To characterise the blackbody
radiation emanating from such an entity, three fundamental laws are employed; Plank’s
law, Wien’s law and the Stefan-Boltzmann law [62].

Planck’s law gives the probability distribution of the wavelengths of the emitted photons
from the blackbody and is given by;

2mhc?

WA, T) = ——F— (2.1)
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where W is the spectral radiance, h is the Planck constant, T is the temperature, kg is the
Boltzmann constant, A is the wavelength of the photons and c is the speed of light.

Wien’s law gives the relationship between the peak wavelength, 1,,,,, and the temperature
of the black body, which is given by;

Amax = ? (2.2)

Where b is Wien’s displacement constant which is equal to 2898 um-K. Wien’s law can be
overlaid onto the blackbody curves created with Planck’s law to be easily visualised as
shown in Fig. 2.1.

The Stefan-Boltzmann law estimates the total energy radiated per unit area by a black body
over a certain period. It is expressed mathematically as:

M =oT* (2.3)

where o is the Stefan-Boltzmann constant.
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Fig. 2.1. Wien’s law superimposed on blackbody radiation curves created using Plank’s law.

Since practical applications involve detecting electromagnetic radiation through the
atmosphere, it is crucial to consider the absorption effects of the atmospheric media
through which this radiation travels. Fig. 2.2 The transmission of infrared (IR) radiation
through the atmosphere results in various atmospheric windows of transmission. These
windows include:

Near infrared (NIR): 0.7 um — 1.5 um

e Short-wavelength infrared (SWIR): 1.5 um — 2.5 um

e Mid-wavelength infrared (MWIR): 3 um — 5 um

e Long-wavelength infrared (LWIR): 8 um — 12 um

e Very long-wavelength infrared (VLWIR): 12 pm — 32 um

This work focuses on the wavelength range of around 3-12um which includes both the
MWIR at 3-5um and the LWIR at 8-12um.
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Fig. 2.2. Atmospheric transmission windows from NIR to VLWIR [63].



2.2 Infrared Detectors

An infrared detector converts energy from incident infrared radiation into another form,
typically electrical. There are two main types of infrared detectors: thermal detectors and
photon detectors (also known as photodetectors).

e Thermal Detectors: These include microbolometers and pyroelectric detectors. They
work by absorbing radiation, which increases the detector’s temperature. This
temperature rise leads to a measurable change in the detector’s physical or electrical
properties, such as resistance or capacitance.

e Photon Detectors (Photodetectors): These operate based on the principle of
photoexcitation. An incident photon with sufficient energy interacts with a bound
electron, generating a free electrical carrier that can be detected using electrical
circuitry. Since photodetectors do not rely on heating the detector through absorbed
radiation, they are preferred for applications requiring a fast response time, such as
video.

This thesis focuses on the study and application of photodetectors.

2.2.1 Figures of Merit
The performance of a detector can be broken down into useful figures of merit that can be
used to quantify and compare different detectors.

2.2.1.1 Dark Current

Dark current is the current that flows through the photodetector in the absence of light, due
to the generation of non-photonically generated carriers. Minimising dark current is crucial
for high sensitivity, especially at longer wavelengths like MWIR and LWIR.

This unwanted current arises from several mechanisms which are critical to understand in
order to improve the performance of photodetectors. The main mechanisms contributing to
dark current in a PIN photodetector are diffusion, generation-recombination (GR) tunnelling
and shunt.

The diffusion current (J4;5f) is the most fundamental mechanism that contributes to the
dark current, originating from thermally generated carriers from the Auger and radiative
processes within the semiconductor [64]. In a basic PIN photodetector the diffusion current

is given by [65];
7 7 >
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where n; is the intrinsic carrier concentration, q is the electron charge, kj is the Boltzmann
constant, T is the temperature, V is the device bias, N, is the p-type doping concentration,
Np is the n-type doping concentration and y,, T, and uy, T,are the mobility and lifetimes of
electrons and holes respectively.



There are many different types of generation-recombination current mechanisms, but the
main one that is relevant in the types of photodetectors in this thesis is the Shockley Reed
Hall (SRH) mechanism. SRH recombination is a fundamental process in semiconductor
physics that describes how electron-hole pairs recombine through defect states within the
bandgap of a semiconductor material.

In a semiconductor, defects or impurities can create energy levels within the bandgap which
are referred to as trap states. These trap states can capture and hold charge carriers
(electrons or holes). The energy level of a trap state is typically somewhere between the
conduction band and the valence band. Once a charge carrier is captured in a trap state it
can later be released via thermal generation resulting in a current produced thermically not
photonically [66]. Trap states in the depletion region, due to defects or impurities, can
facilitate the generation of carriers through SRH processes. This mechanism is significant in
the intrinsic region of the PIN diode, where the concentration of free carriers is low, and the
role of traps becomes more pronounced. The general expression for Jsgy is given by [67];

Jsry = q b (2.5)
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where wg,,, is the width of the depletion region and 7,,, and 7,,, are SRH specific carrier
lifetimes. Since Jsgy is directly proportional to depletion width, minimising the size of the
depletion region is necessary to minimise the dark current from SRH. The optimum
depletion width size is therefore a compromise between improved quantum efficiency from
a larger depletion region and reduced dark current from a smaller depletion region.

Similar to SRH, electrons can use mid gap trap states to tunnel from the valence to
conduction band creating a dark current. This process is known as trap assisted tunnelling
(TAT). The dark current associated with TAT, J;4r, is given by [65];

n2q>mrM? NV 8n\’2mT(Eg—ET)3 (2.6)
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where Ny is the activated trap density, E is the trap energy location below the effective
conduction band edge and M? is a matrix element associated with the trap potential.

In a real-world detector, there also exists an additional current component that exhibits
ohmic shunt-like behaviour [65];

%4

Jshunt = (2.7)

Rshunt4

where V is the applied voltage across the junction, Rg,,n: is the detector shunt resistance
and A is the junction area.

The total dark current density of a photodetector (/;) can be expressed as a combination of
its bulk (Jpyx) and surface (Js,rr) components as [65];

Ja = Jbuik + Jsurs (2.8)



When a photodetector is fabricated, in order to define the photodetector area and to
isolate it from the surrounding pixels, a mesa etch is generally used [68]. This is generally a
deep mesa etch which exposes a large sidewall. This exposed sidewall contains many
dangling bonds with a low resistivity which creates a dark current pathway on the surface of
the detector.

The mesa etch also damages the sidewall creating many more defects than in the bulk
material which will increase defect-based dark current mechanisms such as Jsgy and Jrar.
Surface passivation layers can be used to reduce J,, s by eliminating the dangling bonds and
improvement of the etch process can help to reduce the number of defects caused by the
mesa. However, in IR detectors due to their smaller bandgap, finding the optimal surface
passivation is very difficult and still remains one of the major challenges in the field.

2.2.1.2 Responsivity

The responsivity of a detector relates the output signal or photocurrent with the incident
power that produced that signal. The photocurrent of the detector can be calculated by
illuminating the detector and then subtracting the known dark current density for the
detector. Responsivity is usually given in A/W and is a function of wavelength as different
detectors are more or less responsive to different wavelengths of light. Responsivity is given
by;

R =1t (2.9)
DA

where J,;, is the photocurrent, @ is the photon incidence per unit area and A is the effective
optical area of the detector. A detector with a higher responsivity is desired as it has a
stronger photocurrent for a given input intensity.

2.2.1.3 Quantum Efficiency

The External Quantum Efficiency (EQE, 1) scales the responsivity with the energy of the
individual photon’s incident on the detector and it gives the percentage of incident photons
that contribute to the photocurrent. The external quantum efficiency is given by;

1n = Rhv X 100 (2.10)

where hv is the energy of incident photons and the total is multiplied by 100 to give EQE as
a percentage. Similar to responsivity, a higher EQE is desired as that means that the
detector is better at converting incident photons into signal.

2.2.1.4 Detectivity
Detectivity (D*) combines responsivity and dark current density and is the main figure of
merit used to describe how “good” a detector is. Detectivity is given by [69];

1
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where R is the responsivity, q is the electronic charge, k is the Boltzmann constant, T is the
device temperature and R A, is the dark resistance area product. Detectivity has units of
cm HzY2/ W which is often referred to as Jones (J). Detectivity is able to quantify detector
performance as a function of wavelength and should be maximised in order to produce a
high-performance detector.



2.2.2 The PN Photodetector

The most standard type of photodetector is the PN or PIN photodetector. A PN
photodetector is known as a photovoltaic (PV) photodetector. The PN photodetector is
formed of two regions, a p-type region where the majority carriers are holes and an n-type
region where the majority carriers are electrons as shown in Fig. 2.3.

At the interface of the p-type and n-type regions, electrons from the n-type region diffuse
into the p-type region and recombine with holes. This creates a depletion region that is
devoid of free charge carriers and acts as an insulating layer. The depletion region creates a
built-in potential barrier within the photodetector which creates the photovoltaic effect.

When the photodetector is exposed to light, photons with energy greater than the bandgap
of the photodetector are absorbed generating electron-hole pairs in the photodetector. The
electric field in the depletion region separates the electron-hole pairs. Electrons are pushed
towards the n-type region and holes towards the p-type region.

Once the electron-hole pairs are separated by the electric field, they are collected by the
respective electrodes, resulting in a flow of current. This current can then be externally
measured and is used to calculate the photon flux on the photodetector. Due to the electric
field and the lack of free carriers within the depletion region, any electron-hole pair
generated in this region is more likely to be detected than those generated in the p-type or
n-type regions. As many electron hole pairs that are generated in the p-type and n-type
regions recombine with the free carriers found there. Therefore, the size of the depletion
region is an important factor in the performance of the photodetector.

Generally, PN photodetectors operate in reverse bias. Applying a reverse bias across the PN
junction widens the depletion region and enhances the electric field, which improves the
separation of electron-hole pairs and increases the photocurrent. However, even in reverse
bias, the width of the depletion region may well be below the photon absorption length so
that only some fraction of the generated electron-hole pairs are generated within the
depletion region, resulting in a reduced quantum efficiency.
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Fig. 2.3. Schematic diagram of a PN photodetector under reverse bias.



Another way to increase the size of the depletion region is to include an intrinsically doped
(or undoped) region between the P and N regions, known as the | region. The intrinsic layer
in a PIN photodetector widens the depletion region significantly compared to a PN
photodetector, as shown in Fig 2.4. This larger depletion region increases the volume where
electron-hole pairs can be generated by incident photons, leading to higher quantum
efficiency and better light absorption. The increased depletion region allows for a greater
number of electron-hole pairs to be collected, resulting in higher responsivity in

hotodetection applications. . .
P PP Depletion region
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Fig. 2.4. Schematic diagram of a PIN photodetector under reverse bias.

2.2.3 Barrier Photodetectors

Reducing dark current is vital in producing high performance detectors. If a detector could
be made without a depletion region then /gy would be effectively eliminated and J4r
could be significantly reduced [64]. One way to do this is to replace the depletion region
with a unipolar barrier layer creating a barrier photodetector.

The most common form of barrier photodetectors is the nBn [64], as shown in Fig. 2.5. The
nBn can be thought of as a basic photoconductive (PC) detector with an inserted unipolar
barrier. In a PC detector the conductivity of the detector is increased by the creation of
extra carriers caused by incident photons. The problem with the PC detector is that it is
essentially an open circuit where carriers can flow freely between the contacts. This means
that the inherent dark current is very high and a large number of incident photons are
required to create a measurable difference in the conductivity [70]. By inserting a barrier
layer that blocks the majority carriers (electrons in the case of an nBn) the open circuit is
closed and since a potential barrier is formed, the nBn can be thought of as a hybrid of the
PC and PV detectors [70].

The nBn consists of an n-type top contact layer for biasing the device followed by an
electron blocking barrier layer, an absorbing layer and then a second n-type contact layer to
act as the ground. Finding a material suitable for an electron barrier can be challenging. An
electron barrier must have a large enough offset in the conduction band to prevent
electrons from “jumping” over the barrier due to thermal excitation and as close to 0 offset
as possible in the valence band so as not to impede the flow of holes.



The most common materials used for electron barriers in IR detectors are AlSb based
ternaries and quaternaries such as AlGaSb [71] and AlGaAsSb [42].
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Fig. 2.5. Schematic diagram of a nBn photodetector under reverse bias

The barrier serves three important purposes when it comes to dark current compared to PN
photodetectors; to remove the need for a depletion region, to block majority carriers which
reduces /4y from the top contact layer and to allow for a shallow etch which reduces the

size of the exposed sidewall, reducing Jg;,¢-

As mentioned previously, pixel isolation is required to create an array of detectors. For a PN
photodetector, the depletion region of each pixel needs to be electrically isolated from each
other to prevent crosstalk. This means that the mesa etch must extend past the depletion
region and therefore is required to be deep and expose a large amount of sidewall. In the
case of the nBn, pixel isolation can be achieved by only etching through the top contact
layer as shown in Fig. 2.6. In the case of the shallow etch, the size of the pixel is defined by
the diameter of the etch plus the lateral diffusion length of the minority carriers [72].
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Fig. 2.6. Schematic diagram showing (a) the deep mesa etch and (b) the shallow mesa etch
of an nBn photodetector.

The nBn is the simplest form of barrier detector, but there are more complex structures
such as the complementary barrier infrared detector (CBIRD) [73]. The CBIRD uses both a
hole and an electron unipolar barrier to further increase the performance from the nBn at
the cost of added device complexity and growth difficulty.

In general, for LWIR detectors where dark current reduction is at its most paramount,
barrier-based detectors such as the nBn are most common [74]. For MWIR detectors PN
based devices are still the most common commercially due to their simplicity and ease of
growth. However, as the MWIR detector industry pushes towards higher operating
temperatures, the move towards barrier detectors is inevitable [45].



2.3 The Type-Il Superlattice Detector

2.3.1 MCT and rule 07

For many years, MCT has been the preferred material for MWIR and LWIR photodetection.
Its well-established technology, high performance, and tuneable wavelength response make
it an ideal choice for these applications. Rule 07 [48] is a simple empirical relationship which
is commonly used term to describe the state of the art dark current performance for MCT
photodetectors. Rule 07 was developed by analysing the dark current density data of state
of the art MCT detectors in 2007 [48] and is still often used as a benchmark to determine
how “good” an MCT detector is. Rule 07 is given by [75];

1.239C
Jo7 = Jo€xp (—k Zentors T) (2.12)

where k is the Boltzmann constant in eV/K, T is the operating temperature, Acyof5 is the
cutoff wavelength of the detector and J, and C are fitting parameters corresponding to MCT
and are equal to 8367 cm2and -1.1624 respectively.

Generally, the dark current density of current state of the art MCT detectors fall along the
rule 07 line [75]. With current targets to produce detectors which perform better than rule
07, especially at higher operating temperatures or LWIR aplications. Detectors that perform
at rule 07 levels are generally considered good enough in low temperature MWIR detection
as rule 07 is very low at around 102 A cm™ at 77K for a detector with a 6 pm cutoff.

However, if higher operating temperatures are required, rule 07 quickly increases to around
10> A cm at 150K and 10"* A cm™ at 300K which essentially prevents room temperature
operation of MCT in the MWIR. In LWIR even low temperature detection is difficult, for an
MCT detector with a cutoff wavelength of 12 um rule 07 is of the order of 10* A cm quickly
increasing to 101 A cm? and 103 A cm™ at 150K and 300K respectively.

As well as the dark current problems, MCT also suffers from poor scalability due to
uniformity problems at larger wafer sizes. These uniformity problems mean that growth of
MCT is generally limited to 2 in wafers which keeps cost high.

The regulatory challenges MCT faces are also a major disadvantage of the technology. The
use of mercury is becoming increasingly scrutinised and regulated and so the IR detector
market is in need of a material system that can compete or improve on MCT’s performance
without the use of mercury.



2.3.2 The Type-Il Superlattice

The type-Il superlattice was first proposed in 1977 by Sai-Halasz and Esaki [76] and has
emerged as a highly promising alternative to MCT. A superlattice is a periodic structure
consisting of alternating layers of different materials [77]. The type-Il superlattice (T2SL) is a
particular kind of superlattice with a type-Il band alignment between the two materials.

There are three main types of band alignment in a semiconductor heterojunction [78]. Type-
| refers to a junction where the conduction band minimum of the first semiconductor is
above the conduction band minimum of the second and the valence band maximum of the
first is below the valence band maximum of the second.

Type-Il band alignment occurs when both the conduction band minimum and valence band
maximum of the second material are below their respective conduction band minimum and
valence band maximum.

The type-1l band alighment can take on two forms; type-Il staggered gap, where the
conduction band minimum of the second material is above the valence band maximum of
the first and type-Il broken gap (also known as type-Ill) where the conduction band
minimum of the second material is below the valence band maximum of the first material.
The band alignments are shown in Fig. 2.7.
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Fig. 2.7. The 3 different heterostructure band alignment types.

The type-Il band alignment leads to spatial separation of charge carriers within the
superlattice, with the electrons confined in quantum wells of one of the materials of the
superlattice and the holes confined to the other. If the layers of the superlattice are
correctly designed, the interactions between adjacent quantum wells form a periodic
potential resulting in the formation of electron and hole minibands analogous to the band
structure of a bulk semiconductor [54]. The band gap of the T2SL is given by the distance
between these minibands. The distance between the minibands is determined by the width
of the quantum wells and the strength of the wave function overlap between the wells.

Therefore, by controlling the layer thickness and composition, the bandgap of the
superlattice can be tuned. Importantly, the bandgap of the T2SL can be made smaller than
the band gap of the individual semiconductor material making up the individual layers [79]
allowing for longer wavelength applications ranging from 4 to 15 um [80].

The formation of minibands within the superlattice can be explained by first considering a
single finite quantum well, as shown in Fig. 2.8.
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Fig. 2.8. A single finite quantum well showing the first two energy levels.

A single finite quantum well consists of wavefunctions at discrete energy levels. When a
second identical quantum well is brought close enough to the first, the wavefunctions
overlap and couple as shown in Fig. 2.9.
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Fig. 2.9. Two overlapping quantum wells showing the splitting of the energy levels.

Since it is forbidden by the Pauli exclusion principle for the coupled wavefunctions to exist
at the same energy level, a splitting of the energy levels occurs. Creating two new energy
levels corresponding to each initial energy level. For example, this is shown as Ep splitting
and forming Eoo and Eozin Fig. 2.9.

When N quantum wells are brought together, N energy levels are formed. For large N this
will result in a semi-continuous band know as a miniband as shown in Fig 2.10. The
magnitude of the splitting and therefore the width of the miniband depends on the
magnitude of the overlap, with quantum wells that are closer together resulting in a wider
miniband.

Second miniband

First miniband

Fig. 2.10. N quantum wells leading to the formation of minibands.

Since the T2SL can be thought of as a large periodic structure of overlapping quantum wells
for both electrons and holes it forms both electron and hole minibands as shown in Fig.
2.11.
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Fig. 2.11 The formation of minibands from a type-Il superlattice structure.

In 1987 Smith and Mailhiot proposed that these properties could be leveraged to
manufacture T2SLs for IR detector applications [81]. Additionally, due to the minimal lattice
mismatch among the materials of the 6.1 A family (I11-V materials with lattice constants
close to 6.1 A), the T2SL structure offers the necessary flexibility to combine different
material systems. This flexibility enables the development of devices with high performance
in optoelectronic applications. Consequently, any combination of InAs, GaSb, and AlSb
binaries and their alloys from the 6.1 A family can be used for superlattice applications.

The unique properties of T2SLs lead to several theoretical advancements over the current
state-of-the-art MCT LWIR detectors. A large proportion of the dark current in MCT is
caused by band-to-band tunnelling and Auger recombination. These recombination
processes can be reduced by using a T2SL allowing T2SLs to have lower dark currents than
bulk materials such as MCT which leads to higher performance. Band-to-band tunnelling
which depends on the gap between the conduction band and the light hole band [80,82] is
less likely in T2SL due to the splitting of the highest heavy hole miniband and the highest
light hole minibands [83].

The splitting of the heavy hole and light hole bands also results in the suppression of Auger
recombination [84]. Auger recombination occurs when an electron hole pair recombinesin a
band-to-band transition similar to a standard radiative recombination. However, the
resulting energy given off by an Auger recombination is given off to another electron or hole
instead of as a photon, which reduces the photo-efficiency of a device. Specifically in a T2SL
the Auger recombination that is suppressed is Auger-7 [85] in which the energy given off
from the recombination excites a hole [86].



Due to the splitting of the heavy and light hole bands, the separation of the hole bands is
actually larger that the separation of the conduction band and the heavy hole band. This
separation suppresses the Auger recombination as it becomes more energy efficient and
therefore more likely for the transition to occur between the conduction and heavy hole
band, instead of between the hole bands resulting in photon emission [87]. The flexibility of
the 6.1 A family has also been utilized in designing and growing innovative barrier
photodetector architectures that can mitigate SRH current.

In the growth of bulk semiconductor layers, it is crucial to match the lattice constant of the
grown layer with the substrate to minimise strain caused by the mismatch. As the layer
thickens, the strain accumulates and eventually relaxes by forming dislocations within the
crystal, which can negatively impact device performance.

In the field of T2SLs it is equally common to talk about “lattice matching” the T2SL to its
substrate. However, a T2SL does not have a single lattice constant; it consists of individual
layers, each with its own lattice constant. Typically, one layer is strained in compression and
the other in tension, creating a balance between these strains. For example, increasing the
thickness of the compressively strained layers results in a more compressively strained T2SL
structure. Ideally, the layers of the T2SL are designed to balance these strains, ensuring that
adding more layers does not change the net strain within the T2SL. T2SL-based devices
often require T2SLs with hundreds of periods, so maintaining this balance is essential to
prevent dislocations similar to those in bulk layers.

Additionally, there is strain induced by the lattice constant mismatch between the substrate
and the T2SL layers. Since the substrate is much thicker than the T2SL, it is assumed that all
the strain is absorbed by the T2SL. A T2SL structure can be designed to account for this
substrate-induced strain by balancing it with the relative thicknesses of the T2SL layers,
creating a fully balanced system. In this case, the net strain on the T2SL remains unchanged
as more periods are added. This process is referred to as lattice matching the T2SL to the
substrate, similar to the bulk case.

Lattice matching is commonly measured using X-ray diffraction (XRD) by comparing the
distance between the 0t order T2SL and substrate XRD peaks. A T2SL and substrate are
considered lattice matched when the 0t order T2SL peak overlaps with the substrate peak.



2.3.3 The Ga-based InAs/GaSh T2SL

Interest in developing T2SLs was sparked by impressive theoretical results from studies
conducted in the late 1970s. In 1978, research by Sai-Halasz et al. [88] revealed that
InAs/GaSb superlattices could exhibit semiconducting characteristics. Concurrently, Nucho
and Madhukar [89] showed that enhancing the discontinuity between superlattice layers
could alter the bandgap from a direct to an indirect type. However, despite these promising
theoretical proposals, due to the precise layer thickness and interfacial control needed, it
was not possible to produce high-quality T2SL detectors until significant advancements in
molecular beam epitaxy (MBE) technology occurred.

The first experimental demonstration of an InAs/GalnSb T2SL detector was performed by
Johnson et al. in 1996 [90], achieving a photo response up to 10.6 um. The next year,
Mohseni et al. [91] demonstrated the MBE growth and characterization of InAs/GaSb T2SLs
for LWIR detectors. In the same year, Fuchs et al. [92] demonstrated LWIR photodetection
using an InAs/GalnSb T2SL, significantly suppressing band-to-band tunnelling currents and
improving material quality. A significant milestone was reached in 2004 [93] with the
development of the first high-performance T2SL focal plane array (FPA), confirming the
suitability of the T2SL material system for IR photodetection.

More recently the most common form of T2SL is the InAs/GaSb T2SL, especially for LWIR
detectors. InAs/GaSb T2SLs are conventionally grown via MBE on GaSb substrates. In order
to lattice match the InAs/GaSb to the GaSb substrates, a thin InSb interfacial layer is grown
between the layers of InAs and GaSb to act as a strain balancing layer. The wavelength of
the InAs/GaSb can be adjusted by changing the relative layer thicknesses of the InAs and
GaSb, with thicker InAs causing the band gap to get smaller. Changing the layer thickness of
GaSb has a much smaller effect on the band gap than InAs but it can still be used to
engineer the bandgap, with a thicker GaSb layer increasing the bandgap.

Generally, the GaSb layer thickness is kept relatively constant, usually in the range of 4-10
ML. The InAs layer thickness is then adjusted to tune the wavelength, usually in the range of
8-25ML. For example, in the case of an InAs/GaSb T2SL with a GaSb layer thickness of 8ML,
an InAs layer thickness of 8 ML will create a bandgap of around 0.3eV (4.5um) and an InAs
layer thickness of 21 ML will create a bandgap of around 0.1eV (12 um). This large change of
bandgap and therefore detection wavelength with only a relatively small change in layer
thickness is what makes the InAs/GaSb T2SL such an exciting material system for IR
detection.

There are two main limitations on the wavelength range of the InAs/GaSb T2SL. The lower
limit is caused by the physical ability to grow thin repeatable layers, which causes the
shortest wavelength InAs/GaSb T2SLs to cut off at around 3 pm. The upper limit is not due
to the epitaxy but due to how the T2SL functions. In order to form minibands, there must be
sufficient wavefunction overlap between the layers of the T2SL. The thicker the layers the
weaker the overlap which in turn reduces the quantum efficiency of the detector. This
reduction in quantum efficiency causes the upper limit of the InAs/GaSb T2SL wavelength
range to be around 15 um. The wavelength range of the InAs/GaSb bandgap is therefore
between 3 and 15 um which is perfect for detectors in the MWIR and LWIR.



InAs/GaSb T2SLs however, suffer from a short minority carrier lifetime, in the region of 10s
of nanoseconds [94]. Minority carrier lifetime is critical in photodetector performance as it
relates directly to the signal to noise ratio due to the increase in dark current [95]. The cause
of this short minority carrier lifetime appears to be GaSb related as the lifetime has been
shown to correlate with the GaSb volume in the InAs/GaSb T2SL [96].

Bulk GaSb has a number of intrinsic point defects, but the most relevant one is the Ga anti-
site where a Ga atom takes the place of an Sb atom, causing bulk GaSb to be intrinsically p-
doped [97]. These Ga anti-sites do not have a detrimental effect on the minority carrier
lifetime of bulk GaSb as the energy level of the anti-site is not in the bandgap. In the case of
the InAs/GaSb T2SL however, the Ga anti-site energy level is within the bandgap creating a
non-radiative SRH pathway. Whilst it may be possible to engineer the bandgap of the
InAs/GaSb T2SL so that the defect is not in the band gap, it is difficult and provides a major
design constraint [96].

2.3.4 The Ga-free InAs/InAsSb T2SL

The other way to reduce the effect of the Ga anti-sites on the minority carrier lifetime is to
remove the Ga from the superlattice entirely. In recent decades Ga-free T2SL detectors,
typically made from InAs/InAsSb, have been developed as potential alternatives to the more
established Ga-containing variants.

The Ga-free T2SL was first proposed by Osbourn in 1984 [98] as an InAsg.4Sbos / INAs1-xSbyx
strained-layer superlattice. Osbourn used the strain and type-Il band alignment of the
InAsSb/InAsSb material system to achieve a bandgap reduction beyond what was possible
with bulk semiconductors at the time.

Throughout the 1990s, Ga-free T2SL growth and fabrication witnessed significant
advancements. However, interest in LWIR Ga-free T2SLs waned until around 2011, when it
was reported that InAs/InAsSb T2SLs exhibit significantly longer minority carrier lifetimes
compared to their Ga-based counterparts [57]. The InAs/InAsSb T2SL has been shown to
have a 10x longer minority carrier lifetime than InAs/GaSb, of the order of 100s of
nanoseconds.

In addition to its longer minority carrier lifetimes, a notable advantage of the InAs/InAsSb
T2SL is its tolerance to defects. This defect tolerance comes from the defect states existing
above the conduction miniband within the InAs/InAsSb T2SL instead of within the band gap
[58]. This defect tolerance makes the InAs/InAsSb T2SL a promising candidate for growth on
highly mismatched substrates such as Ge, GaAs [99] or Si [1] where threading defect
densities are high.

The last main advantage of the InAs/InAsSb T2SL over the InAs/GaSb is in its relative ease of
growth. The InAs/InAsSb T2SL can be grown lattice matched to GaSb substrates without the
need of interfacial strain balancing layers like the InAs/GaSb T2SL. The growth sequence for
InAs/InAsSb is therefore relatively simple; all that is needed it to switch on and off the Sb
flow to change between the InAs and InAsSb layers.



There are two main ways to change the wavelength of the InAs/InAsSb T2SL, either increase
the thickness of the InAsSb layer or increase the Sb percentage within the InAsSb. Due to
the volatility and ease of segregation of the Sb, it is very difficult to increase the Sb % much
past 35% [99] without the Sb diffusing out from the InAsSb layer into the InAs layer. So
generally, the only way to produce an InAs/InAsSb T2SL at longer wavelengths is to increase
the InAsSb layer thickness.

Unfortunately, unlike InAs/GaSb, a much larger increase to layer thickness is needed to
change the cutoff wavelength. This requirement for thicker layers leads to a much lower
upper wavelength limit as the thicker layers quickly reduce the wavefunction overlap and
therefore the quantum efficiency of the detector. This reduction in quantum efficiency
causes the practical upper wavelength limit of the InAs/InAsSb T2SL to be around 10 um.
This may be increased by finding solutions to the Sb diffusion problems such as growth
interruptions and lower growth temperatures and much work is currently being done in this
field to create LWIR InAs/InAsSb detectors. Unfortunately, as of the time of writing, no
major practical breakthroughs have been published.

The lower limit is very similar to the InAs/GaSb T2SL, it is caused by the physical ability to
grow thin repeatable layers. The lower wavelength limit of the InAs/InAsSb T2SL is around 3
um. So, the total wavelength range of the InAs/InAsSb T2SL is between 3 and 10 um.
Therefore, at the moment the InAs/InAsSb T2SL is confined to MWIR detector applications.

Also, whilst both the InAs/GaSb and InAs/InAsSb T2SLs have similar electron masses, the
hole effective mass of the InAs/InAsSb T2SL is considerably larger, resulting in unfavourable
hole transport properties [83]. This issue also worsens at longer wavelengths further
reinforcing that the InAs/InAsSb T2SL is confined to the MWIR.

In the MWIR however, due to the advantages of the longer minority carrier lifetimes the
InAs/InAsSb exhibits superior performance and so the choice of InAs/GaSb or InAs/InAsSb
mainly comes down to application, with InAs/GaSb being preferred for LWIR applications
and InAs/InAsSb being preferred for MWIR applications.

Both types of T2SL are being researched to minimise their downsides, such as longer
wavelength InAs/InAsSb [99] and InAs/GaSb with improved minority carrier lifetime [100].
So, it is highly possible that which T2SL is appropriate for which application may change in
time as more discoveries are made.



2.4 Review of the current state-of-the-art

2.4.1 Minority carrier lifetime

The lifetime of minority carriers is a crucial factor influencing both the dark current and the
guantum efficiency of photodetectors. The minority carrier lifetime is therefore an
important metric to help understand the performance differences between the T2SLs and
MCT. The minority carrier lifetime, 1, is given by;

_L
fM
.
where L is the minority carrier diffusion length, k,, is the Boltzmann constant, T is
temperature, q is the electron charge and p is the carrier mobility.

T= (2.1)

The minority carrier lifetime is linked to the dark current of a detector via both the diffusion
and G-R/SRH pathways as shown in equations 2.4 and 2.5, where a higher carrier lifetime
results in a lower dark current which is preferred.

Additionally, the minority carrier lifetime affects the quantum efficiency of a photodetector
via the minority carrier diffusion length. The diffusion length defines the maximum thickness
of the absorber region; if the absorber region is larger than the diffusion length, some
carriers will recombine within the absorber region and not contribute to the photocurrent.

To achieve high quantum efficiencies, it is generally understood that the active region
thickness of a detector should be equal to, if not greater than, the target cutoff wavelength.
Therefore, a diffusion length equal or greater than the target cutoff wavelength is desired.
Fig. 2.12 shows the minority carrier lifetimes for InAs/GaSb and InAs/InAsSb T2SLs, as well
as MCT.
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Fig. 2.12. Collected minority carrier lifetimes vs cutoff wavelength for InAs/GaSb [101-106]
and InAs/InAsSb [31,57,101,107-110] type-Il superlattices and MCT [103,111,112].



Fig. 2.12 shows a near-linear decrease in carrier lifetime with increasing wavelength for both
InAs/GaSb and InAs/InAsSb T2SLs. This trend underscores the challenge of LWIR detection
due to minority carrier lifetime. However, InAs/InAsSb T2SLs exhibit lifetimes comparable to
MCT in the MWIR range, and their LWIR lifetimes are within an order of magnitude of those
of MCT.

Since the lifetime directly influences the diffusion current in T2SL devices, following the
relationship Jgirf ~ 771, the performance of diffusion-limited InAs/InAsSb T2SL devices is
expected to significantly surpass that of InAs/GaSb detectors. This trend is beginning to
manifest in the MWIR range. However, for LWIR detectors, the challenges of incorporating
high Sb percentages, as described in section 2.3.4, are still preventing InAs/InAsSb from
outperforming InAs/GaSb.

2.4.2 Dark current

As shown by the “rule 07” line in Fig. 2.10, the dark current of a detector is highly sensitive
to its wavelength. Longer wavelength detectors have smaller bandgaps, making them more
susceptible to thermally excited carriers, which increases dark currents. Consequently, most
LWIR detectors operate at 77K to minimize thermal noise. In contrast, high operating
temperature devices in the MWIR range are becoming more common, with operating
temperatures around 150K.

In the LWIR range, dark current performance at 77K is comparable to current state-of-the-
art MCT detectors, as shown in Fig. 2.13. However, the anticipated superior performance of
T2SL detectors due to the suppression of Auger recombination compared to MCT has yet to
be realised. This performance limitation may be due to the shorter minority carrier lifetimes
of T2SLs compared to MCT at longer wavelengths, or the less mature T2SL technology.

When comparing T2SLs in the LWIR range, there are significantly more examples of
InAs/GaSb detectors than InAs/InAsSb detectors. This is primarily due to the challenges in
realising LWIR InAs/InAsSb T2SLs, as discussed in section 2.3.4. Interestingly, the few
examples of LWIR InAs/InAsSb T2SLs perform similarly to InAs/GaSb detectors, suggesting
that the longer minority lifetime may not be sufficient to further reduce dark current.
Alternatively, the benefits of the longer minority lifetime may not be fully realised due to
growth difficulties. Improvements in the growth of InAs/InAsSb, allowing for higher Sb
incorporation and better crystal quality, may be necessary to translate the superior minority
lifetime into better dark current performance.

It is also important to note that all LWIR T2SL detectors in Fig. 2.13 are barrier-based, as
barriers are required to address the more challenging dark current issues at longer
wavelengths.
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Fig. 2.13. Collected data of dark current density versus cutoff wavelength at 77K for Barrier-
based InAs/GaSb [4-7,113,114,71,115,116,8,117-119,9,10,120,11-14,121,15,122,16,123],
Non-Barrier InAs/GaSb [124,20,125-127,21,128,17,22,23,129-135], Barrier-Based
InAs/InAsSb [136,27-29,40,42,137-139,30,140,141] and Non-Barrier InAs/InAsSb detectors
[32,47,33-35,142,36]. To be compared with MCT detectors [143,144] and the “Rule 07” line
[48].
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In the MWIR detector region, the theoretical advantages of T2SL detectors over MCT have
yet to be experimentally demonstrated in terms of superior dark current density
performance at 77K. It is important to note that experimental readings of J; less than 108 A
cm? are very rare due to the limitations of standard experimental setups. Therefore, high-
performance MWIR detectors are typically compared to MCT at higher temperatures, such
as 150K, as shown in Fig. 2.14.
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Fig. 2.14. Collected data of dark current density versus cutoff wavelength at 150K for
Barrier-based InAs/GaSb [4-8,38,71,113,115-119], Non-Barrier InAs/GaSb
[17,21,22,124,128,145], Barrier-Based InAs/InAsSb [27,28,39-43,137-140,146] and Non-
Barrier InAs/InAsSb detectors [33,47]. To be compared with the “Rule 07” line [48].

At higher temperatures, the benefits of the longer minority carrier lifetime of InAs/InAsSb
detectors compared to InAs/GaSb detectors become evident. Fig. 2.14 illustrates a general
trend of InAs/InAsSb detectors outperforming InAs/GaSb detectors. It also shows that the
dark current density values of InAs/InAsSb detectors are very comparable to the “rule 07”
line, which indicates that they are approaching the theoretical maximum performance of
MCT detectors.

Additionally, at higher temperatures, barrier-based detectors outperform non-barrier
detectors. This provides strong experimental evidence supporting the theoretical
advantages of barrier-based detectors discussed in section 2.2.3.



2.4.3 External quantum efficiency

EQE is where the most significant discrepancy between T2SL and MCT detectors is observed.
As mentioned in section 2.4.1, the thickness of the absorber region greatly impacts the EQE
of the detector. If the absorber thickness is less than the detection wavelength, only a
fraction of the incident light will be absorbed, reducing the EQE. Therefore, EQE depends on
both the cutoff wavelength and absorber layer thickness, necessitating separate comparison
figures for MWIR and LWIR.

As shown in Figs. 2.15 a and b, the EQE of MCT detectors is significantly higher than that of
T2SL detectors in both MWIR and LWIR. The primary reason is that the MCT absorber layer
is much thicker than those of InAs/GaSb and InAs/InAsSb T2SLs. The longer minority carrier
lifetime and diffusion length in MCT, as illustrated in Fig. 2.12, allow for thicker absorber
regions. This difference in minority carrier lifetime is more pronounced when comparing
MCT with InAs/GaSb T2SLs, explaining the EQE discrepancy. However, the minority carrier
lifetime difference between InAs/InAsSb and MCT is smaller, requiring a different
explanation for the EQE discrepancy.

Another limiting factor in absorber layer thickness is the difficulty of growing thick, high-
quality T2SL sections. The inherent strain in a T2SL structure, combined with the volatility
issues of Sb growth, makes growing thick T2SL sections challenging. Minor discrepancies in
strain balancing may not significantly affect a few superlattice periods, but as the periods
increase, the problems compound, resulting in low quality, highly defective crystals.

Even with constant absorber layer thickness, differences in EQE persist, largely due to
crystal quality in both the layers and interfaces. Epitaxial developments are crucial for
producing high quality T2SLs with higher EQEs. Additionally, device design plays a role;
designing a device structure often involves compromising between dark current and EQE.
Generally, devices with larger depletion regions have higher EQEs and higher dark currents.
Most barrier-based designs aim to eliminate the depletion region to reduce dark currents,
but clever doping can induce small depletion regions between the barriers and absorber to
enhance EQE with minimal impact on dark current [122,123].

To increase T2SL EQE to levels comparable with MCT, higher quality, better strain-balanced
and ultimately T2SLs with a higher number of periods need to be developed, along with
novel device designs.
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Fig. 2.15. Collected data of external quantum efficiency versus absorber layer thickness at
77K for (a) MWIR MCT [143,147,148] , Barrier-based InAs/GaSb [6,7,71,113—-115] , Non-
Barrier InAs/GaSb [20,124-126,149] , Barrier-Based InAs/InAsSb [30,140,141] and Non-
Barrier InAs/InAsSb detectors [33-35,142]. (b) LWIR MCT [2,3,150,151], Barrier-Based
InAs/GaSb [9-12,120,152] and Barrier-Based InAs/InAsSb LWIR detectors [141,153].



2.4.4 Detectivity

Detectivity, which combines dark current density and quantum efficiency as shown in Eq.
2.11, is the standard figure of merit for evaluating detector performance. A “rule 07” line
has been added to Fig. 2.13a for illustrative purposes. This line was derived from the “rule
07” dark current density line at 77K, assuming an average EQE of 75% for an MCT detector.
75% was taken as an estimate of the current MCT EQE performance based on the MCT EQE
datain Fig. 2.13. While this assumption may not hold true across all wavelengths, it provides
a convenient comparison for detectivity, particularly in the LWIR region.

Since detectivity is wavelength-dependent, peak detectivities were chosen for comparison.
Generally, the peak detectivity for an MWIR detector is close to the cutoff wavelength, as
responsivity is relatively flat across the wavelength range. For LWIR detectors, peak
detectivity is usually around 2 um less than the cutoff wavelength. For instance, a detector
designed for 10 um detection would typically have a cutoff wavelength of around 12 um.

In the LWIR, the combination of superior dark current and especially EQE cause the MCT
detectors to perform better than the T2SL detectors. Although comparison between
wavelengths is difficult, it does appear clear that at the longer wavelengths MCT is still
superior to T2SLs. There is a clear difference between InAs/GaSb and InAs/InAsSb however,
InAs/GaSb detectors consistently outperform InAs/InAsSb detectors in the LWIR. Even with
InAs/InAsSb’s inherent advantages from its longer minority carrier lifetime, superior
detector performance has yet to be realised. The reason for this comes back to the
difficulty of creating high quality LIWR InAs/InAsSb. Once again, barrier-based detectors
seem to have consistently superior performance in LWIR applications, and it seems clear as
to why much of the research to date focuses on LWIR detectors with a barrier-based design.

In the MWIR there is little difference between InAs/GaSb and InAs/InAsSb detectors at 77K.
However, at 150K, InAs/InAsSb detectors outperform InAs/GaSb detectors, particularly in
the 4.25 to 5.5 um range, as illustrated in Fig. 2.16b. The barrier-based detectors
consistently show the best performance at each wavelength, with superior dark current
performance being crucial at higher operating temperatures.
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Fig. 2.16. Collected data of peak detectivity versus wavelength at (a) 77K for MCT [2,3],
Barrier-based InAs/GaSb [4-19], Non-Barrier InAs/GaSb [9,12,17,20-26], Barrier-Based
InAs/InAsSb [27-31] and Non-Barrier InAs/InAsSb detectors [32—-37]. (b) At 150K for Barrier-
based InAs/GaSb [4,7,8,38], Non-Barrier InAs/GaSb [17,20], Barrier-Based InAs/InAsSb [28—
30,39-46] and Non-Barrier InAs/InAsSb detectors [33,47]. The “Rule 07” line is added for
reference to (a) and is calculated from the rule 07 dark current density line at 77K with the
QE of the MCT detectors assumed to be 75%.



In conclusion, barrier-based device structures consistently outperform non-barrier devices
and should be used whenever possible. For LWIR applications, InAs/GaSb is superior to
InAs/InAsSb due to the challenges of growing InAs/InAsSb with high Sb composition. This
may change as InAs/InAsSb growth technology advances and the benefits of its longer
minority carrier lifetime are realised.

It is important to note that high Sb incorporation is more difficult in MOCVD than in MBE
due to the higher growth temperatures. Therefore, achieving high-performance LWIR
InAs/InAsSb through MOCVD may require significant innovation. Even if MOCVD-grown
LWIR InAs/InAsSb T2SL becomes feasible, finding Al-free barriers remains a challenge,
meaning initial LWIR InAs/InAsSb detectors grown by MOCVD will likely be non-barrier
based. Thus, for MOCVD growth of LWIR detectors, InAs/GaSb barrier-based detectors are
the superior choice. These barriers can be achieved by adjusting the period thicknesses of
the T2SL, which are reasonable for LWIR InAs/GaSb.

For MWIR applications grown by MOCVD, InAs/GaSb barriers are not feasible, so the choice
is between non-barrier InAs/GaSb or InAs/InAsSb detectors. In MWIR, InAs/InAsSb
consistently outperforms InAs/GaSb in both dark current and detectivity, especially at
higher operating temperatures. Therefore, for MOCVD-grown detectors, barrier-based
InAs/GaSb should be used for LWIR, and non-barrier InAs/InAsSb should be used for MWIR.



2.5 T2SL growth (MBE vs MOCVD)

Conventionally, both T2SLs are grown via MBE onto lattice matched GaSb substrates. In
general, MBE provides very precise source switching allowing for tight layer thickness,
composition and interfacial control [154]. Specifically for the growth of antimonides such as
the T2SLs, the most significant advantage of MBE is the low growth temperatures. Low
growth temperatures are advantageous because of the low equilibrium vapour pressure of
antimony, meaning that at higher temperatures, surface desorption of the antimony begins
to dominate preventing high antimony incorporation. Furthermore, some antimonides such
as InSb and GaSb have relatively low melting points (527 °C and 712 °C respectively)
meaning that it is not possible to grow them above those temperatures [155].

The main disadvantage of MBE is related to commercialisation as MBE growth rates are
notoriously slow at around 1 A/s resulting in relatively low throughput [156]. The primary
reason for the slow growth rates in Molecular Beam Epitaxy (MBE) is the achievable atomic
flux at the surface. In MBE, the atomic flux generated by the effusion cells is controlled by
their temperature. Increasing the temperature of the effusion cells produces more flux,
leading to a higher growth rate. However, there are practical limitations to how hot the
effusion cells can be heated. At higher temperatures, a phenomenon known as MBE spitting
occurs, where the atomic source starts producing larger particles instead of singular atoms
[157]. These particles, such as clusters of source atoms or molecules formed due to
reactions between the molten source and residual gases in the chamber, cause defects in
the epitaxy. This creates a practical limitation on the effusion cell temperature and,
consequently, the growth rate.

On the other hand, Metal-Organic Chemical Vapour Deposition (MOCVD) can increase its
atomic flux at the surface by increasing the flow rate of the precursor gases used. Although
there is a limit to the number of atoms that can react in a given time, this limit is much
higher than in the MBE case. Growth rates of around 10 A/s are common for commercial
MOCVD. These higher growth rates make MOCVD generally preferred for large-scale
commercial fabrication [158].

However, MOCVD growth temperatures are much higher than MBE due to the temperature
requirement to crack the precursor gases used. The higher temperatures have been a
fundamental issue in the growth of antimonides, as antimony’s high volatility and low
vapour pressure require low growth temperatures to prevent large surface desorption
[159]. The antimonides are also far more sensitive to growth parameters such as IlI/V ratio
and temperature than more standard materials such as arsenides and phosphides. This
sensitivity makes the development of growth recipes more challenging as there is very little
room for flexibility within the recipe as each parameter has a very narrow window that
allows for high quality growth. However, with the development of higher quality precursors
that crack at lower temperatures such as tertiarybutylarsine (TBAs) and triethylantimony
(TESb) these challenges are starting to be overcome [160].



2.4.1 MOCVD Growth of InAs/GaSb

As well as the general challenges of growing antimonides by MOCVD, there are two main
challenges when converting the growth of InAs/GaSb from MBE. Firstly, InAs/GaSb is not
naturally lattice matched to any standard commercially available substrate. Due to it being a
combination of InAs and GaSb the lattice constant of the InAs/GaSb T2SL will always be
somewhere between InAs and GaSb. In MBE, this challenge is overcome by the use of thin
InSb interfacial layers which allow the InAs/GaSb T2SL to be lattice matched to GaSb
substrates. Unfortunately, due to its low melting point, growth of InSb via MOCVD is very
difficult. A solution to this problem is to instead use GaAs interfacial layers to lattice match
the T2SL to InAs substrates.

The other challenge is to find an effective electron barrier to be able to create the superior
barrier-based detectors needed to reduce dark current density for LWIR applications. The
standard AlISb based ternaries and quaternaries used in MBE suffer from very high
unintentional p-type carbon doping (~10® cm3) when grown by MOCVD [161] which can be
detrimental to their optical properties and limits their use due to them being very hard to
dope n-type. This carbon incorporation can be reduced by growing at higher temperatures
which more fully crack the precursor gases used, however this higher temperature is
detrimental to the material quality.

A proposed solution is to use more novel precursors such as TTBAl or DMEAI which crack at
lower temperatures to the standard TMAI [161]. However, due to the novelty of TTBAI and
DMEAI, they suffer from a lower purity than TMAI which in turn causes more unintended
doping problems. AlSb based ternaries and quaternaries also suffer from segregation
problems where clusters of binary AlSb, GaSb or AlAs form instead of remaining in their
combined ternary or quaternary form. This segregation changes the electrical and optical
properties of the layer and makes designing the layer very difficult. These challenges mean
that generally the growth of AlSb is avoided in MOCVD.

Due to the Type-Il broken gap band alignment of the InAs/GaSb T2SL, it is possible to create
electron barriers using the T2SL itself, removing the need for AlSb entirely. In an InAs/GaSb
T2SL, if the GaSb layer thickness is kept constant but the InAs layer thickness is decreased,
the conduction band moves upwards and the valence band does not change. Therefore,
InAs/GaSb T2SLs with the same GaSb thickness but different InAs thickness will create an
electron barrier. However, the height of the electron barrier that can be made is limited by
the contrast between the band gaps of the two T2SLs. This height limitation means that a
T2SL barrier is only really usable in LWIR detectors where the absorber layer is made from a
T2SL with a band gap of around 0.1eV and the barrier layer is made from a MWIR T2SL with
a band gap of around 0.3eV. This produces an electron barrier height of 0.2eV which is still
much smaller than what could be achieved using AISb but is large enough to still function as
an effective barrier, especially in low temperature conditions.
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2.4.2 MOCVD Growth of InAs/InAsSb

In contrast to InAs/GaSb, the conversion from the growth of InAs/InAsSb from MBE to
MOCVD is relatively simple. InAs/InAsSb can be lattice matched to GaSb substrates without
the use of strain balancing layers so no major modifications to the growth sequence are
required.

The big challenge for the MOCVD growth of InAs/InAsSb T2SL is the lack of an easy non-AlISb
based electron barrier layer. Unfortunately, the same technique used for InAs/GaSb cannot
be used in InAs/InAsSb as the layer thickness required to provide a big enough barrier would
greatly reduce the wavefunction overlap. For this reason, MOCVD grown InAs/InAsSb T2SL
detectors are confined to non-barrier-based architectures such as the PIN detector. This lack

of barrier restricts the wavelength range that a MOCVD grown InAs/InAsSb detector can
work at to around 3-5 um instead of the 3-10 um that can be achieved using barrier-based
detectors grown by MBE. As although it is possible to grow InAs/InAsSb T2SLs at
wavelengths up to 10 um via MOCVD, the large dark currents caused by the lack of barrier
become a practical device limitation at these wavelengths.

Table 2.1. Summary of the main differences between MOCVD grown InAs/InAsSb and

Wavelength

T2SL

Substrate

InAs/GaSb T2SLs.

e Does not require additional
interfacial layers for strain
balancing

e Growth sequence relatively
simple

e Confined to non-barrier-
based devices which have
higher dark current

InAs/
3-5 GaSb inori i
Hm InAsSb @ * L.ong minority carrler e Difficult to increase Sb
lifetime means high o
theoretical QF composition past 35%
confining the InAs/InAsSb to
MWIR applications
e Evidence of defect SR
tolerance makes it a good
candidate for growth on
non-native substrates
¢ Large wavelength range e Interfacial strain balancing
allowing for LWIR layers are required, making
315 um InAs/ ae applications growth sequence complex
- Gasb

e Barrier-based device
structures possible

e No evidence of defect
tolerance may prevent the
use of non-native substrates




2.4.3 Growth on non-native substrates

Both InAs and GaSb substrates are small, expensive and brittle and so finding alternatives
that are more commercially desirable is important. Also, the absorption coefficient for both
InAs and GaSb is high in the MWIR and especially in the LWIR [162,163]. This high
absorption coefficient is a problem for the conventional backside illuminated devices as it
caused the majority of the incident light to be absorbed before reaching the detector. This
absorption can be minimised by the use of mechanical backside thinning processes, but this
adds an extra step and therefore extra cost into the manufacturing process.

There are three main substrate alternatives proposed for the T2SLs: GaAs, Si and Ge.
Unfortunately, the integration of InAs to any of these substrates has proved to be very
challenging. The integration of an InAs/GaSb T2SL that is lattice matched to InAs to any of
these substrates has yet to be achieved.

Integration of GaSb onto non-native substrates has been far more fruitful however. The
integration of GaSb onto GaAs is the most reported due to the fact that there exists an
interfacial strain balancing technique known as the interfacial misfit array (IMF) between
the interface of GaAs and GaSb. The IMF helps to overcome the 7.8% lattice mismatch
between the two layers and helps reduce the threading dislocations caused by the
mismatch. The threading dislocation density is still much higher than if the device was
grown on native substrates and so more progress needs to be made before GaAs substrates
can fully replace GasSb.

GaAs substrates are much cheaper than GaSb substrates and are commercially available at
much larger sizes making them a very promising alternative economically. The absorption
coefficient of GaAs is also around 100x lower than GaSb as shown in Fig. 2.17 [163] making
it a very promising replacement for backside illuminated devices as it would remove the
need of a substrate thinning step. This higher absorption coefficient of GaSb is caused by
the higher defect densities of commercially available GaSb substrates when compared to
GaAs. Due to this higher defect density, GaSb has much higher levels of free carrier and
defect related absorption than GaAs causing it to have a much higher absorption coefficient
at longer wavelengths [163].
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Fig. 2.17. Graph showing the difference in absorption coefficients between GaSb and GaAs
[163].

The integration of lll-Vs onto Si substrates has long been the holy grail of compound
semiconductors. To be able to combine the optical advantages of 11l-V with the commercial
advantages of Si would be a massive achievement and is highly sought after. The integration
of GaSb onto Si is no different.

There are three main difficulties in integrating GaSb with Si; the large 12% lattice mismatch,
the polar / non-polar interfaces and cracks caused by the thermal mismatch. Thermal
cracking can be eliminated by making sure that the layer thicknesses are not too large so
that the built-up strain from the thermal mismatch is not too large. The polar / non-polar
interface is a problem as it causes the formation of antiphase domains (APDs) which act as
non-radiative recombination centres. The problem of APDs can be removed by using off-cut
Si substrates or by the use of in situ plasma etching [164]. The large lattice mismatch is still a
problem, but buffer schemes utilising defect filtering layers are being employed to reduce
the threading dislocation density caused by the mismatch [42].

Si substrates are even bigger and cheaper than GaAs substrates and so the economic
advantages are even more relevant for Si than GaAs. The absorption coefficient of Si is also
much lower than GaSb in the IR making it a superior substrate for backside illumination.

The use of Ge substrates for GaSb integration is far less mature than GaAs and Si. The cost
of a Ge substrate is similar to a GaAs and since Ge is a group IV material it has the same
issues with APDs caused by polar / non-polar interfaces. The interesting advantage of Ge
however, is that it can be used as the basis of MWIR photonic circuits [165]. As the Ge based
MWIR passive device technology matures there will be a need for active components such
as lasers and detectors that can be easily integrated with the Ge platform. The InAs/InAsSb
would be an obvious choice for such circuits and so the integration of it onto Ge unlocks
many new applications that use MWIR photonic circuitry.



Research Tools

All the samples in this thesis are grown using Metal-Organic Chemical Vapour Deposition
(MOCVD) which is described in section 3.1. After growth some of the samples are then used
to fabricate devices, following the processes and techniques specified in Section 3.2. Finally,
both fabricated and unfabricated samples undergo characterisation using the methods
outlined in Section 3.3.

3.1 Metal-organic chemical vapour deposition (MOCVD)

Due to its high growth rates, MOCVD has become the leading technique for the commercial
production of llI-V compound semiconductor optoelectronic and electronic devices.

Currently, there are three main types of MOCVD reactor geometries available in the market:
horizontal reactors, planetary reactors, and close-coupled showerhead (CCS) reactors [166].

Horizontal reactors, such as the aix200, are generally considered outdated technology and
are typically used for lower-budget applications. In a horizontal reactor, the gas flows
horizontally over the substrate inside of a quartz tube, as shown in Fig. 3.1a. Because the
gas flow is horizontal across the substrates, these reactors suffer from growth uniformity
problems as deposition rates differ from the side where the gas is injected and where it is
removed [167].

Planetary reactors, like the Aixtron G5, represent the current state-of-the-art technology for
commercial applications. In a planetary reactor, the gas still flows horizontally across the
substrate. However, the key difference between a planetary reactor and a basic horizontal
reactor is that the planetary reactor rotates, as shown in Fig. 3.1b. This rotation allows for
much higher growth uniformities even on larger substrates. This capability to grow on very
large wafers with high uniformity makes the planetary reactors ideal for high-volume
production applications.

CCS reactors, such as the Aixtron CCS, are generally used for applications requiring smaller
wafers, such as academic research. CCS reactors inject their gases vertically across the entire
susceptor as show in Fig 3.1c. This vertical injection further increases uniformity, but is a lot
more complex than the radial gas distribution of a planetary reactor, which is what generally
limits the maximum size of the CCS reactor. The reactor used throughout this thesis is an
Aixtron 3 x 2 inch flip top CCS reactor, as shown in Fig. 3.2. All samples were grown on either
full or partial 2-inch wafers.
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Fig. 3.1. Schematic diagrams of the 3 main types of MOCVD reactors: (a) horizontal reactors,

(b) planetary reactors and (c) close-coupled showerhead reactors.
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Fig. 3.2. Photographs of the Aixtron 3 x 2 inch flip top CCS reactor that was used throughout
this project. (a) Shows the whole MOCVD system including the housing and glovebox. (b)
Shows the CCS reactor itself which is found within the glovebox.



In an MOCVD system, all sources are vaporised and transported into the reactor using a
carrier gas. These injected gases are ultra-pure and can be finely controlled. Fig. 4.3
illustrates the simplified growth mechanism of GaSb using MOCVD. The initial precursor
gases, TEGa and TESb, are transported into the reactor using H, as a carrier gas. These
precursor gases contain the desired atoms, surrounded by hydrocarbon chains. The bonds
between the central atom and the hydrocarbons are very weak so as the precursor gases
diffuse towards the heated substrate, they begin to decompose or “crack” in an area known
as the boundary layer. This decomposition process is chemically complex, involving multiple
stages and by-products. Essentially, the precursor gases shed their hydrocarbons, leaving
only the deposited atoms (Ga or Sb).

After reaching the surface, the Ga and Sb atoms diffuse laterally along the surface until they
reach a suitable crystal site where they become incorporated. The decomposed
hydrocarbon groups are then exhausted as waste products from the reaction. Typically, the
Group V precursor is supplied in excess and the growth rate is controlled by the Group Il
flow. The temperature of the substrate as well as the flow rates of the precursors are all
carefully controlled to ensure high crystal quality. Different IlI-V materials have different
optimum temperatures and precursor flow ratios which often differ on a reactor-to-reactor
basis. So, the optimal growth parameters are normally found experimentally with growth
calibrations.

At low growth temperatures the growth rate is limited by the surface reaction rate, known
as the kinetically limited regime. As the growth temperature increases, the growth rate of
the nucleation layer rises significantly for the same amount of precursor flow rate. When
the growth temperature is further elevated, the surface reaction rate becomes sufficiently
high that the growth rate is then limited by the diffusion rate of the reactant species onto
the wafer surface. This is known as the mass-transport-limited regime.



3.1 Metal-Organic Chemical Vapour Deposition (MOCVD)

Page 40

Gas Phase

Boundary
Layer

6 = ;I&)O.O O. zoltijdtPhtase

Fig. 3.3. Simplified MOCVD growth mechanism of GaSb.

3.1.1 In-situ Monitoring

The CCS reactor used was equipped with two different in-situ monitors, and ARGUS
pyrometric profiling system to monitor surface temperature and an LAYTEC EpiTT
reflectometry measurement system to monitor surface reflectivity and growth rates.

ARGUS is an emissivity detector that operates based on Planck’s Law, which describes the
distribution of radiative energy in relation to black body temperature. A small amount of
radiation passes through holes in the showerhead and is collected by photodetectors within
ARGUS. As the susceptor rotates it is fully scanned, allowing the system software to display
a temperature map. Calibration of ARGUS is achieved by placing it over a black body
calibrator, which is scanned across all detectors.

EpiTT is a reflectometry measurement which involves shining light at specific wavelengths
onto the substrate and monitoring its reflection. Higher quality crystal growth typically
exhibits greater reflection. This reflection data can be used to qualitatively monitor the
crystal growth process and identify the stages at which issues may occur. If well calibrated
and the growth material is well known, the oscillations in the reflection data can also be
used to calculate the growth rate of the layer.



3.2 Fabrication

This section outlines the standard fabrication process for a photodetector which was
developed for this project and is the basis of all the fabrication within this thesis. The
fabrication steps were developed by myself and Ka Ming Wong and the fabrication was
performed by Ka Ming Wong at Cardiff University’s Institute for compound semiconductors.
This fabrication process flow will be discussed and developed in the experimental chapters
of this thesis. The fabrication process can be sub divided into nine steps.

Step 1 - Starting Epitaxial Stack

Fig. 3.4 shows a typical InAs/GaSb nBn detector that will be the starting point of the
fabrication.

Top contact layer — LWIR T2SL — 200nm

Barrier layer - MWIR T2SL — 125nm

Absorber layer — LWIR T2SL — 2000nm

Bottom contact Layer — LWIR T2SL - 200nm

InAs nucleation layer — 100nm
InAs Substrate

Fig. 3.4. Schematic diagram of a typical InAs/GaSb nBn detector epitaxial stack.
Step 2 - SiO; Hard Mask

First a SiOz hard mask is deposited onto the top of the wafer as shown in Fig. 3.5a. The SiO;
is deposited via plasma enhanced chemical vapour deposition. The hard mask layer
thickness is dictated by the etching selectivity between the mask and the T2SL and in this
case was set to 1000nm.



Step 3 — Photolithography

The photoresist S1813 is then spun at 4000 rpm to achieve a thickness of 1300nm and
baked at 115°C for 60 seconds onto the SiO2 hard mask. It is then exposed using a Durham
Magneto Optics ML3, a maskless, direct-write photolithography machine. The ML3 is set to
a resolution of 1um and has a dose of 120mJ/cm?2. AZ726 is then used as a developer for the
photo resist. Finally, Oz plasma is used to clean the surface.

Step 4 — SiO; Plasma Etch

After the photoresist has developed, a Plasma Etch Inc. PE-100 Plasma Asher is used to etch
away the exposed SiO;. The PE-100 uses inductively coupled plasma to etch away the
exposed SiO,. The plasma used to etch the SiO; is CaFs.

(a) (b) Photoresist
SiO, hard mask SiO, hard mask
Top contact layer Top contact layer
Barrier layer Barrier layer
Absorber layer Absorber layer
Bottom contact Layer Bottom contact Layer
1 InAs nucleation layer
InAs Substrate InAs Substrate
Photoresist
(c) SiO, hard mask

Top contact layer

Barrier layer

Absorber layer

Bottom contact Layer

InAs Substrate

Fig. 3.5. Schematic diagram of a typical InAs/GaSb nBn detector after; (a) SiO2 hard mask
deposition, (b) the deposition and development of the photoresist and (c) the plasma
etching of the SiO; hard mask.



3.2 Fabrication Page 43

Step 5 — Photoresist removal

The photoresist is then removed using NMP leaving only the SiO; hard mask and the
exposed T2SL which will be etched as shown in Fig. 3.6.

SiO, Hard mask
Exposed T2SL

(a) (b)

Top contact layer

Absorber layer

Bottom contact Layer

lnAs Substrate"" "

Fig. 3.6. (a) Schematic diagram of a typical InAs/GaSb nBn detector after the removal of the
photoresist. (b) Optical microscope picture of the surface of the sample before mesa etch.
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Step 6 — Mesa Etch

The PE-100 then uses BCls to perform the mesa etch which isolates the individual devices
from each other by etching away the material between the detectors which is exposed in
Fig. 3.6b. As shown in Fig. 3.7, the mesa etch stops within the bottom contact layer. This
means that all the devices have an electrically common bottom contact, but the top
contacts are physically isolated from each other.

SiO, Hard mask
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Fig. 3.7. (a) Schematic diagram of a typical InAs/GaSb nBn detector after the mesa etch. (b)
Scanning Electron Microscope (SEM) picture of the top of an individual device after the
mesa etch. (c) SEM picture of the side profile of an individual device after the mesa etch.
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Step 7 — Metal Contact Photolithography

The SiOz hard mask is then removed with hydrogen fluoride (HF) and a new photoresist
mask is applied. The photoresist used in this step is AZ2070 but it is applied and exposed in

the same way as in step 3, albeit with a different mask design for the direct writer, as shown
in Fig. 3.8b.
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Fig. 3.8. (a) Schematic diagram of a typical InAs/GaSb nBn detector with the photoresist
ready for metal deposition. (b) Optical microscope picture of the surface of the sample
before metal deposition.



Step 8 — Metal Deposition

A 40nm layer of Ti followed by at 150nm layer of Au is then deposited using a Buhler Boxer
Dielectric Thermal Evaporator. Metal lift off is then performed by removing the remaining
photoresist with NMP which also removes any metal that is deposited on the photoresist.
This leaves only the metal that was deposited directly on the top and bottom contact layers
as shown in Fig. 3.9.
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Fig. 3.9. (a) Schematic diagram of a typical InAs/GaSb nBn detector after metal deposition.
(b) Optical microscope picture of the surface of the sample after metal deposition.



Step 9 — Passivation

After the metal deposition the sample was cleaned using O, plasma and AZ3027 photoresist
was spun onto the sample. The AZ3027 was then exposed using the ML3 direct writer using
a mask which prevented exposure to the photoresist on the sides of the device. The AZ3027
was then hard baked and was developed using AZ726. AZ3027 is a positive photoresist so
after it is developed only the photoresist on the sidewalls remain, as shown in Fig. 3.10.
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Fig. 3.10. Schematic diagram of a typical passivated InAs/GaSb nBn detector.
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3.3 Characterisation Techniques

3.3.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a versatile imaging technique that allows the visualisation
of surfaces at the nanoscale. At the heart of AFM lies a tiny sharp tip attached to a
cantilever. The cantilever acts as a mechanical spring with a defined spring constant, and it
deflects when interacting with the surface of the sample. As the tip approaches the surface,
attractive and repulsive forces between the atoms/molecules of the tip and sample lead to
cantilever deflection. This deflection changes the amount of laser light reflected onto the
photodiode. The height of the cantilever is then adjusted to restore the response signal,
resulting in the measured cantilever height tracing the surface.
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Fig. 3.11. Schematic diagram of an atomic force microscope.

AFM is relatively fast and cheap when compared to other characterisation methods and so it
is often the first method used to determine how “good” a sample is. AFM is able to provide
a 3D map of the surface which can be used to view the surface morphology and calculate
the surface roughness.

In epitaxial thin film growth, the surface roughness is normally a very good indicator of the
growth quality. If a sample is correctly lattice matched and grown under the correct
conditions, one would expect a low surface roughness. AFM roughness is often given in
terms of the root mean square (RMS) roughness. RMS roughness is calculated by taking the
square root of the average of the squared deviations of the surface's height values from the
mean. RMS roughness is generally the preferred way of presenting a surface roughness as it
is able to describe the average roughness for a given area whilst being sensitive to large
peaks and valleys [168].



The AFM is able to provide quick feedback of the growth to help indicate how the growth
parameters should be adjusted for the next runs. Although the surface quality provides a
good indication as to the quality of the whole sample, it is not perfect and so other
techniques must be used in order to investigate the sample below the surface, such as
transmission electron microscopy and X-ray diffraction.

3.3.2 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful technique used to study the crystal structure of
materials. It is based on the principle that X-rays, when incident on a crystal lattice, will be
scattered by the atoms within the lattice, resulting in constructive interference at specific
angles. This phenomenon, known as Bragg diffraction, provides valuable information about
the crystallographic properties of materials, including lattice parameters, crystal symmetry,
and crystal defects. The wavelength of the X-rays is usually set to 1.54nm as this is
comparable to the distances between atoms in the lattice, ensuring interferences occur
between the scattered X-rays.

Incident X-ray Diffracted X-ray
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Fig. 3.12. Schematic of XRD in a crystal lattice.

Bragg's law is the foundation of X-ray diffraction analysis. It describes the relationship
between the X-ray wavelength (A), the scattering angle (8), and the lattice spacing (d) of a
crystal. Mathematically, Bragg's law is expressed as:

nA = d sin () (3.1)

where, n is the order of diffraction (an integer), A is the X-ray wavelength, d is the lattice
spacing between planes of atoms, and 8 is the angle of incidence of the X-ray beam with
respect to the crystal lattice planes. Bragg's law allows us to determine the interplanar
spacing (d) of the crystal lattice based on the measured diffraction angle (8) and X-ray
wavelength (A). From the interplanar spacing it is possible to calculate the lattice constant of
the crystal. From the lattice constant, the specific material including its ternary composition
can be obtained.



Within this work only the 004 reflection was used to characterise the samples using XRD.
The 004 reflection is only able to directly measure the vertical component of the lattice
constant, shown as d in Fig 3.12. The horizontal component of was not directly measured
and was calculated by approximating the relaxation based on the critical thicknesses of the
layers.

An X-ray source and detector are mounted on a goniometer which allows the source and
detector to rotate around the sample, as shown in Fig. 3.13. This is known as an w/20 scan.
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Fig. 3.13. Schematic diagram of an X-ray diffractometer.

X-ray diffraction is a very powerful tool as it allows for non-destructive characterisation of
the whole sample, not just the surface. This means that a sample with multiple layers of
different materials can be fully characterised.

The full width half maximum (FWHM) of a peak in XRD can be used to give an indication of
the defect density of a sample. In an ideal, uniform crystal with an ideal XRD setup, it follows
from Eq. 3.1 that the result of an XRD scan would be a single delta function with a FWHM of
0 as there is no variation in interplanar spacing, d. Defects, however, disrupt the regular
atomic spacing and create slight variations in d throughout the crystal which causes the XRD
peak to broaden. A higher number of defects will cause greater variations in d resultingin a
larger FWHM. The FWHM is therefore correlated to the defect density and can be used as a
rough guide to indirectly measure the defect density. The Ayers model [169] can be used to
estimate an upper limit of the dislocation density from the FWHM, as shown in equation
4.2:

B

= 4.36b2 (3:2)

where D is the upper limit of the defect density in cm™2, 8 is the FWHM in arcseconds, the
4.36 was derived experimentally by J.E. Ayers [169] and is in arcseconds and b is the length
of the Burgers vector of dislocation. Since XRD looks at the whole sample, the defect density
calculated is an average across the whole layer [170]. For device performance, the more
important metric is the defect density at the surface. In order to more comprehensively
investigate the sample’s surface defect density, a technique that directly measures the
surface defect density such as electron channelling contrast imaging (ECCI) must be used



3.3.3 Electron channelling contrast imaging (ECCI)

ECCl is an imaging technique in scanning electron microscopy (SEM) that uses the
channelling effect of electrons with respect to crystallographic lattice planes. ECCl is
particularly useful for characterising and quantifying the distribution and density of
threading dislocations in semiconductor materials.

The SEM operates by firing a beam of electrons from an electron source towards the surface
of a sample, as shown in Fig. 3.14.
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Fig. 3.14. Schematic diagram of a typical Scanning Electron Microscope.

When high-energy primary beam electrons from an SEM interact with a crystalline sample,
they generate a standing electron-density wave within the crystal lattice that is coherent
with it. The distribution of electron density maxima in this wave depends on the orientation
of the primary electron beam relative to the lattice. If the beam is aligned such that the
maxima are at the atomic nuclei, strong backscattering of electrons occurs. However, if the
maxima lie between the nuclei, fewer electrons are backscattered. As a result, the
backscatter signal provides insight into the crystal lattice structure and its orientation in
relation to the primary beam. The minimum backscattering occurs when the primary beam
is nearly aligned with the Bragg angle of a lattice plane, causing the electrons to travel
deeper into the crystal with minimal interaction. This phenomenon is known as electron
channelling.



When a defect, such as a dislocation or stacking fault, is present in the crystal, it disrupts the
coherency of the channelling primary electron wave field with the lattice. This disturbance
causes strong backscattering at the location of the defect. Consequently, the defect appears
as a bright feature against a dark background when observed with a backscatter electron
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Fig. 3.15. Schematic diagram of electron channelling contrast imaging. In case A, the crystal
has no defects so the probability of an electron hitting an atom is relatively low resulting in
few backscattering events. In case B, the crystal has defects causing it to not be perfectly
cubic, increasing the probability of an electron hitting an atom resulting in more
backscattering events.

3.3.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is similar to SEM as it also fires a beam of electrons
at a sample and analyses how they interact. The main difference between the two is that
TEM relies on detecting electrons transmitted through a thin sample, rather than detecting
the electrons that are scattered from a sample as in SEM. The general thickness of a sample
in TEM is around 100-200nm.

In TEM a focused electron beam is directed onto the thin sample. As the electrons pass
through the sample, they interact with the atoms and crystal lattice of the material. These
interactions can include elastic scattering, inelastic scattering, diffraction and absorption.
Some electrons are transmitted through the sample with minimal interaction. Others are
scattered, and these scattered electrons carry information about the sample's internal
structure, defects, and composition.



The scattering of electrons also leads to the formation of an electron diffraction pattern,
providing insights into the crystallography of the material. The transmitted and scattered
electrons are then collected by a phosphor viewing screen which is able to convert an
electron image into a visible form. High resolution cameras are then used to take this image
and digitally record it.

By manipulating the electron beam with lenses and apertures, TEM can create images
showing various contrasts, such as bright-field and dark-field images, which highlight
different features of the material. A bright-field TEM is the most common type of TEM
image. In bright field TEM, the areas of the sample that transmit electrons appear brighter
and the areas of the sample that scatter or absorb the electrons appear darker. The main
advantage of bright-field TEM is the better contrast it provides, making it the more widely
used technique. However, this technique can also suffer when measuring very small
features. As a result, dark-field TEM is often preferred for observing features like crystal
defects and dislocations. In dark-field TEM, the primary, unscattered electron beam is
blocked from the collected image using an aperture. This ensures that the image is
composed solely of scattered electrons. Areas with no scattering appear black, while the
brightness of the brighter regions is determined by the number of scattered electrons in
those areas.

Since TEM is able to measure a cross section of a sample at very high resolution, it is one of
the few ways to directly measure and determine the true structure of a crystal lattice. The
other big advantage of the TEM is that since it is looking at a cross section of a sample, it can
be used to analyse defect propagation throughout the sample. Where XRD can only
estimate a defect density average through a whole layer and ECCI can only directly measure
the surface defect density, TEM is able to directly image defects as they propagate. This is
very useful as it can show how each heterointerface contributes to the overall defect
density and show how the defect density changes throughout each layer. This can also be
used to directly measure the effectiveness of any defect filtering mechanisms that are used.
Unfortunately, TEM is both destructive and expensive.

Since the technique requires a thin cross section of the sample, the sample must be cleaved
and thinned which is a time-consuming process. In general, the other quicker and cheaper
characterisation techniques are used first to get a general idea of the quality of a sample.
However, when direct measurement of the cross section of a sample at high resolution is
required, TEM is the best option.
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Fig. 3.16. Schematic diagram of a typical Transmission Electron Microscope.
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3.3.5 Secondary ion mass spectrometry (SIMS)

Whilst high resolution TEM can be used to directly image the crystal lattice, it is unable to
determine which atoms make up the crystal. In order to directly measure the atomic
composition of a sample, secondary ion mass spectrometry (SIMS) is used. SIMS is a
destructive technique that works by firing an ion beam at the sample which ionises the
sample and causes atoms to splutter off the sample. These spluttered atoms or “secondary
ions” are then fed through an electromagnetic field which separates the ions according to
their mass-to-charge ratio. Once separated the ions enter the detector and can be
identified.
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Fig. 3.17. Schematic diagram of secondary ion mass spectrometry.

SIMS is especially useful as it is the main way to determine dopant concentrations which is
something that needs to be accurately controlled in semiconductor device design. SIMS is
also able to determine ternary and quaternary compositions much more precisely than XRD
and so would generally be used as a benchmark to calibrate XRD results. Like TEM, SIMS is
destructive and expensive and so would generally be used either as an initial calibration of
growth rates and atomic incorporation or, if specific information about atomic
concentrations is needed that the other quicker and cheaper techniques cannot provide.

The SIMS measurements within this work were performed by Loughborough surface
analysis.



3.3.6 Photoluminescence (PL)

Photoluminescence (PL) is a characterisation technique which can be used to study the band
structure of semiconductors. In PL, an incident photon with higher energy than the band
gap is used to excite an electron from the valence band to the conduction band. This
electron then recombines with the emission of a photon. The photons that are emitted can
then be detected creating a PL spectrum. The PL intensity, peak position and FWHM can
then be used to investigate the material composition and quality.
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Fig. 3.18. Schematic diagram of the photoluminescence process.

Due to the atmospheric absorption problems and general difficulty of MWIR and LWIR PL it
is common to use a Fourier transform infrared spectrometer (FTIR) as the source of the
incident radiation and detector for the emitted radiation from the sample.

The PL characterisation in the work was performed by Prof. Baolai Liang and Dr. Khalifa
Azizur-Rahman at the University of California, Los Angeles.

3.3.7 Fourier Transform Infrared Spectrometry (FTIR)

FTIR is a powerful characterisation tool for infrared materials. In this project, the FTIR served
two primary functions: it acted as both a source and detector for infrared
photoluminescence, typically used for unfabricated T2SL samples to investigate their
bandgap, and it was also employed to characterise the spectral response of the fabricated
detectors. The FTIR works similarly to a Mach-Zehnder interferometer [171] with a moving
mirror. As shown in Fig. 3.22, a broadband IR light source, such as a tungsten glow bar,
emits light that is split by a 50/50 beam splitter. One path of this light hits a fixed mirror and
is reflected back to the beam splitter. The other path hits a mirror moving at a known
velocity and is also reflected back to the beam splitter, where the two beams recombine.
Due to the different optical path lengths, the beams have a phase difference, creating an
interference pattern.
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Since the position and velocity of the moving mirror are known, the interference pattern
changes over time as the optical path difference varies. This pattern can be plotted as a
time-domain interferogram, which is then transformed into an FTIR spectrum via a Fourier
transform. The recombined optical signal can be directed to an external detector sample for
characterisation. By using a known reference detector, the spectral intensity sent to the
detector sample can be calculated. If the incident spectral intensity is known, the
responsivity of the detector sample can be determined from the difference between the
incident light and the detector’s spectral response.
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Fig. 3.19. Schematic diagram of a Fourier transform infrared spectrometer.

However, this method makes it challenging to align the sample detector exactly as the
reference detector. Any misalignment will result in a difference in the absolute spectral
intensity, meaning this method alone can only provide the shape of the sample detector’s
spectral response, not its absolute spectral responsivity.
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To determine the absolute spectral responsivity of the sample detector, a blackbody
responsivity calibration is necessary, as shown in Fig. 3.20. This calibration involves shining a
known calibrated blackbody source through an aperture, a 50/50 chopper connected to a
lock-in amplifier, and a band-pass filter onto the sample, then measuring the photocurrent.
By using a calibrated blackbody source and an aperture, the incident intensity on the sample
can be accurately known. The 50/50 chopper only allowed light to be incident onto the
sample 50% of the time and a lock-in amplifier was synchronised to the chopper. The
chopper allows the separation of the photocurrent from the dark current, while the band-
pass filter ensures only a specific wavelength range reaches the detector.
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Fig. 3.20. Schematic diagram of the blackbody calibration setup.

From the blackbody calibration, the average responsivity of the detector across a specific
wavelength range can be determined. This responsivity value can then be used to scale the
full wavelength spectral response obtained from the FTIR.

The optical device characterisation was performed by myself at Lancaster university with
the assistance of Dr. Andrew Marshall, George Seager and Dr. Adam Craig. The optical
device characterisation was performed using a Bruker Vertex 70 FTIR calibrated using a
combination of both Vigo PVMI-2TE MCT and Bruker DLTGS reference detectors. A 550K
blackbody source synced to a chopper and a lock-in amplifier was then used to calibrate the
absolute responsivity values.



3.3.8 Electrical characterisation

In addition to photonic characterisation, it is essential to quantify the electrical properties of
infrared detectors, such as dark current density. This electronic characterisation is
conducted in a cryogenic probe station, as illustrated in Fig. 3.21. The sample is mounted on
a sample holder and cooled to the desired temperature using liquid nitrogen. Probes are
then connected to the top and bottom contacts. A voltage is applied between the probes,
and the device analyser measures the resulting current. A temperature controller is used to
adjust the temperature from 77 K to room temperature.
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Fig. 3.21. Schematic diagram of the cryogenic probe station set-up.

The electrical device characterisation was performed by myself at Lancaster university with
the assistance of Dr. Andrew Marshall, George Seager and Dr. Adam Craig. The cryogenic
probe station that was used was the Lakeshore Cryotronics TTPX and the device analyser
was a Keithley 2401 source meter.



LWIR detectors made from
InAs/GaSb T2SLs

4.1 Introduction

Long wavelength infrared (LWIR) photodetectors have a wide range of applications including
biomedical sensing [172], thermal imaging, 3D sensing [173] and many different defence
applications [174].

Human blackbody emission peaks at 9.55 um [175] and so detectors that peak in the range
of 9-10 um are very desirable for all applications that involve detecting people. The
InAs/GaSb Type-Il superlattice (T2SL) [81] is a strong candidate for LWIR detectors due to its
flexible bandgap engineering [176,177], high material uniformity [178] and low Auger
recombination rates [179] when compared to the current state of the art mercury cadmium
telluride (MCT) technology [180].

To date, molecular beam epitaxy (MBE) has been the prevailing technique for growing
InAs/GaSb T2SLs [54]. However, the commercial exploitation potential using metal-organic
chemical vapour deposition (MOCVD) is highly attractive if material and device performance
can be improved to close the gap with MBE results.

There are two main material challenges in transferring the current MBE growth to MOCVD,
a suitable interfacial layer needed to strain balance the T2SLs [181] and the AISb-based
ternaries and quaternaries that are used as barriers within the device structures [31,182].
Conventionally, MBE grown InAs/GaSb T2SLs are grown lattice matched to GaSb substrates
via the use of InSb interfacial layers for strain balancing. InSb is very difficult to grow via
MOCVD due to its low melting point (527°C) [183] being very close to conventional MOCVD
growth temperatures. Instead of using InSb to lattice match to GaSb substrates, it is possible
to use GaAs as an interfacial layer and lattice match the T2SL to InAs substrates.

The second material challenge is the AlSb-based barriers which are required to suppress the
generation-recombination dark current present in more basic PN and PIN detector
structures, which is crucial at longer wavelengths [71]. There are significant carbon and
oxygen contamination problems with growing AlSb-containing alloys due to the reactivity of
Al [184] along with material segregation problems within the ternaries and quaternaries
[185]. However, it is possible to create electron barriers from wider band gap InAs/GaSb
T2SLs, as long as the GaSb layer thickness is kept constant between the barrier and absorber
T2SL meaning the valence band offset is near 0 eV [186].

InAs/GaSb T2SLs are known to be prone to surface related dark currents, especially at longer
wavelengths [187] and surface passivation still remains an important challenge in this field.
A good way to resolve this surface problem is to employ a shallow etched mesa design
where each pixel is defined by the lateral carrier diffusion length, not a deep mesa etch.
Unfortunately in InAs/GaSb T2SLs with GaAs like interfaces, this lateral diffusion length can
be very large, up to 251um [72].



The high lateral diffusion length leads to problems when creating high pixel density focal
plane arrays (FPA) as the minimum distance between pixels must be twice the lateral
diffusion length to prevent crosstalk [188]. Therefore, for a LWIR InAs/GaSb T2SL FPA grown
via MOCVD, there exists a trade-off between lower dark currents and higher pixel density
via shallow or deep mesa etched devices.

This chapter describes the growth, fabrication and characterisation of MOCVD grown
InAs/GaSb T2SL LWIR detectors.

4.2 Growth of InAs/GaSb T2SLs

The first step in developing InAs/GaSb T2SL detectors is the investigation of the growth
parameters. The goal of the investigation is to grow a T2SL which is lattice matched to an
InAs substrate, and which has an average root mean square (RMS) surface roughness of
between 0.1 and 0.2nm with no visible surface defects with an optical microscope.

If a T2SL is not lattice matched to its substrate, the resulting strain will cause dislocations
which act as non-radiative recombination centres to form reducing the optical performance
of the T2SL. This strain worsens with T2SLs with a higher number of periods which are
needed for device structures and so lattice matching between the T2SL and the substrate is
vital for devices. The lattice mismatch was investigated using an omega 2 theta XRD scan.
The lattice mismatch was defined as the distance in arcseconds between the substrate peak
and the central T2SL peak in the omega 2 theta scan. In the omega-2 theta scan, a positive
lattice mismatch was defined as when the T2SL peak appears to the right of the InAs peak
(indicating a smaller lattice constant), while a negative lattice mismatch was defined as
when the T2SL peak appears to the left of the InAs peak (indicating a larger lattice constant).
When the T2SL and InAs peaks overlap and the lattice mismatch is zero, the T2SL can then
be said to be lattice matched to the substrate. AFM was used to quantify the surface
roughness as well as investigate the surface morphology.

The MOCVD growth was performed in an Aixtron Close Coupled Showerhead reactor. The
precursors used were trimethylindium (TMIn), tertiarybutylarsine (TBAs), triethylgallium
(TEGa), triethylantimony (TESb) and disilane (SizHe), with hydrogen used as the carrier gas.
The device structure was grown on a 2 inch unintentionally doped (u.i.d) InAs (001)
substrate, with the reactor pressure kept at 100 mbar. The main growth parameters
investigated in this work were the growth temperature and the ratio of the group V and
group Il precursor gases used to grow the InAs and the GaSb known as the V/Ill ratio. The
standard test structure used to investigate the growth parameters was a 50-period
InAs/GaSb T2SL. The growth timeline for the InAs/GaSb T2SL can be found in Fig. 4.1.
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Fig. 4.1. MOCVD growth timeline of one period of the InAs/GaSb T2SL. Shows the growth
interruption interfacial sequence that creates the “GaAs-like” interfaces.

The InAs layer thickness was 21 ML, and the GaSb layer thickness was 8 ML, resulting in a
bandgap of approximately 0.1 eV, which corresponds to a wavelength of 12 um. This
structure was chosen because it has a cutoff wavelength of around 12 um when used as an
absorbing layer in a device. A device with a cutoff wavelength at 12 um will have a peak
detectivity at around 10 um, making it ideal for many LWIR detector applications, such as
imaging humans.

Conventionally, T2SL layer thicknesses are given in monolayers (MLs) which can be
conveniently measured using RHEED in MBE. Due to the lack of vacuum, MOCVD does not
have RHEED and so it is difficult to directly measure the number of monolayers grown. In
this work, layer thicknesses were measured in nm using TEM and were converted to ML by
utilising the relation that 1 ML is equal to half of a lattice constant in a zinc blende crystal.

4.2.1 Growth temperature

As with all antimonide growth, the InAs/GaSb T2SL is very sensitive to growth temperature.
When the T2SL was grown with a surface temperature of 510°C, the surface exhibited a step
flow morphology and had an RMS of 0.14nm, as shown in Fig. 4.2b. When the surface
temperature was decreased to 500°C, the majority of the surface remained similar with an
RMS of 0.14nm. However, at this lower temperature, large surface stripe defects can be
observed in the optical microscope, as shown in Fig. 4.2c. These surface stripe defects are
likely caused by indium segregation due to the lower surface mobility at the lower
temperatures [189]. Indium segregation causing surface striping is commonly observed in
highly strained Indium containing low temperature growth and provides a lower limit to the
growth temperature of the T2SL [190]. When the temperature was increase to 530°C the
surface roughness greatly increased, and the morphology changed, as shown in Fig. 4.2a.



4.2 Growth of InAs/GaSb T2SLs Page 63

0.52 nm
0.40

0.20

0.00

-0.20

-0.57

0.90 nm

0.60
0.40
0.20
0.00
-0.20

-0.58

91 nm
80

60

30 pm

Fig. 4.2. AFM surface scans of 50 period
21ML/8ML InAs/GaSb T2SLs grown at three different surface temperatures.

The surface temperature also affected the lattice constant of the T2SL. This can be explained
by the temperature dependence of the As for Sb exchange that takes place during the
growth interruptions to form the GaAs like interfaces. At higher temperatures, the Sb is
more volatile and is more likely to leave the surface to be replaced by an As atom. This was
shown experimentally in Fig. 4.3, where the T2SLs grown at higher temperatures have
lattice constants closer to GaAs. Consequently, this results in higher lattice mismatches to
the InAs substrate.
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Fig. 4.3. (a) Omega 2 Theta XRD scans of 50 period 21ML/8ML InAs/GaSb T2SLs grown at
three different surface temperatures. (b) Plot showing how the lattice mismatch of the
InAs/GaSb T2SLs changes with surface temperature.
4.2.2 GaSb V/Ill ratio
After setting the growth temperature to 510°C, the next parameter that was investigated
was the GaSb V/IIl ratio. Three samples were grown with different TESb flows resulting in
GaSb V/lll ratios of 1.2, 1.4 and 1.5. As shown in Fig. 4.4, a higher TESb flow and therefore
higher GaSb V/Ill ratio results in a smaller lattice mismatch. This can be explained by the
higher Sb flow resulting in more TESb in the chamber during the growth interruption,
resulting in less net Sb for As exchange and therefore a thinner GaAs like interface.
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Fig. 4.4. (a) Omega 2 Theta XRD scans of 50 period 21ML/8ML InAs/GaSb T2SLs grown at 3

different GaSb V/IlI ratios. (b) Plot showing how the lattice mismatch of the InAs/GaSb T2SLs
changes with GaSb V/IlI ratio.
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As well as the change in lattice constant, the GaSb V/IlI ratio also had a large effect on the
surface morphology, as shown in Fig. 4.5. At lower GaSb V/Ill ratios, the same stripe defects
became visible. The density of these defects drastically increased as the GaSb V/Ill ratio
decreased. At a growth temperature of 510°C, a GaSb V/IlI ratio of 1.5 was found to be
sufficient to remove all stripe defects and gave a good surface roughness of 0.15nm.
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Fig. 4.5. Optical microscope pictures and AFM scans of 50 period 21ML/8ML InAs/GaSb

T2SLs grown at 3 different GaSb V/Ill ratios; (a) 1.2, (b) 1.4 and (c) 1.5.



4.2.3 InAs V/IIl ratio

After identifying a growth temperature and GaSb V/Ill ratio that produced a smooth, stripe-
defect-free surface, the next parameter to investigate was the InAs V/IIl ratio. In the
calibrations of temperature and GaSb V/IlI ratio, the InAs V/IIl ratio was kept at 10. For the
previous growth calibrations, the lattice mismatch was always positive. This means that the
“GaAs like” interfaces were too effective at moving the T2SL lattice constant toward GaAs.
Reducing the effect or strength of the “GaAs like” interfaces can be thought of as either
reducing the thickness of the interface itself or by reducing how GaAs like the interface is by
reducing the As composition of the interface.

As shown with the temperature and GaSb V/IIl results, the strength of the “GaAs like”
interfaces can be controlled with temperature and GaSb V/IIl. However, their effect on the
lattice match is relatively small and changing temperature and GaSb V/Ill ratio also has a
large effect on the surface of the T2SL. The formation of the ‘GaAs-like’ interface is
influenced by the growth interruption time and the amount of As atoms that can exchange
with Sb. Naturally, a shorter growth interruption results in a thinner ‘GaAs-like’ interface
due to the reduced formation time. However, the physical limitations of the mass flow
controller within the MOCVD reactor prevent further reduction of the growth interruption
time.

Instead of shortening the As for Sb exchange time, it is possible to reduce the amount of As
flowing into the chamber, thereby decreasing the rate at which the ‘GaAs-like’ interface
forms. Since the TMIn flow rate was kept constant to maintain the InAs growth rate,
changes in the TBAs flow rate can be considered as changes in the InAs V/IIl ratio. The InAs
V/Ill ratio was therefore reduced from 10 in order to achieve lattice match, as shown in Fig
4.6. The InAs V/Ill ratio that was able to lattice match the 21ML/8ML InAs/GaSb T2SLs onto
the InAs substrate was 6.4.
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Fig. 4.6. (a) Omega 2 Theta XRD scans of 50 period 21ML/8ML InAs/GaSb T2SLs with
different InAs V/IlI ratios. (b) Plot showing how the lattice mismatch of the InAs/GaSb T2SLs
changes with InAs V/IlI ratio.
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The InAs V/Ill ratio is a very useful growth parameter as it has a large effect on the lattice
constant, whilst having a minimal effect on the surface roughness, as shown in Fig 4.7.
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Fig. 4.7. AFM scans of 50 period 21ML/8ML InAs/GaSb T2SLs with different InAs V/III ratios.

4.2.4 InAs/GaSb T2SLs spanning the 4-12um wavelength range

Now that the 21ML/8ML InAs/GaSb T2SL has been grown. The next step is to grow
InAs/GaSb T2SLs with different bandgaps to span the full MWIR and LWIR wavelength
range. As explained in section 2.3.3, the bandgap of the InAs/GaSb T2SL can be changed by
changing the InAs layer thickness. Five different InAs thicknesses were investigated: 21 ML,
16 ML, 11 ML, 8 ML and 6 ML, which correspond to approximate cutoff wavelengths of 12
pm, 10 um, 6 um, 4.5 um and 4 um, respectively. The GaSb layer thickness was kept
constant at 8 ML.

In theory, since the GaSb layer thickness is kept constant, changing the InAs layer thickness
should not affect the lattice match onto InAs substrates. However, it was found
experimentally that there was a small difference in lattice match between the different
wavelength T2SLs which could be adjusted for by changing the InAs V/IlI ratio, as shown in
Fig. 4.8. All wavelengths were found to be lattice matched with InAs V/IlI ratios between 6.4
and 6.7.

It is worth noting that a change in the InAs ratio by 0.1 corresponds to the smallest possible
flow change on the TBAs mass flow controller. When operating the mass flow controller at
its limits, the reliability and repeatability of the results can be questioned. Therefore, it is
appropriate to claim these V/IIl ratios with an error margin of +0.1.



This means that, in reality, the theory that the lattice match should not change with InAs
layer thickness is largely supported by the experimental data, and any deviation is likely due
to experimental error.
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Fig. 4.8. Plot showing how the lattice constant of different wavelength InAs/GaSb T2SLs
changed with InAs V/IIl ratio. The closest to lattice match of each wavelength are
highlighted.

AFM was used to investigate if the change in InAs layer thickness had any effect on the
surface morphology and roughness. For every T2SL where InAs thickness was greater than
GaSb thickness there was no real difference in surface morphology or roughness. For the
6ML/8ML sample with a wavelength target of 4 um however, there was a change in
morphology and a surface roughening that can be seen in Fig 4.9.
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Fig. 4.9. AFM scans of 50 period InAs/GaSb T2SLs with different cutoff wavelengths.

It seems that there are challenges in growing InAs/GaSb T2SLs when the InAs layer is thinner
than the GaSb layer. While achieving T2SLs with wavelengths shorter than 4 um would be
ideal, time constraints prevented a thorough investigation. Consequently, the 4.5 um
wavelength, 8ML/8ML T2SL was used as the shortest wavelength T2SL available for
designing device structures.
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To create an nBn detector, both short and long wavelength T2SLs need to be integrated
within the same structure. With the T2SLs now sharing the same lattice constant, it is
possible to grow multiple T2SLs of varying wavelengths on top of each other, as illustrated in
the dual wavelength sample in Fig. 4.10.
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Fig. 4.10. Omega 2 Theta XRD scans of all the lattice matched InAs/GaSb T2SLs with
different wavelengths. Including a dual wavelength sample with both a 4.5 um and 12 pum
T2SL.

To verify the wavelengths of the T2SLs, FTIR PL was employed, as depicted in Fig. 4.11.
However, due to the transmission windows of the optics used in the setup, the detector
cutoff occurred at around 9 um. This means there is no data for the 21ML/8ML sample,
which has a target wavelength of 12 um. Fig. 4.11 demonstrates that the target wavelengths
are close to the measured values in the PL setup, confirming that the band gaps of the
grown T2SLs were as expected.
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Fig. 4.11. Normalised photoluminescence plot, taken at 77K, showing the peak wavelength
of each InAs/GaSb T2SL. The scaling factors that were used to create the normalised plot are
shown within the peaks. Due to the transmission windows of the optics used in the setup,
the detector cutoff is at around 9 um.

Once the wavelengths were verified, the “GaAs like” interfaces were investigated. The full
width half maximum (FWHM) of the first order satellite peak in an omega 2 theta XRD scan
is a good indication of superlattice interface sharpness [191]. The FWHM of the first order
satellite peaks was found to range from 50-100 arcsec, with no clear trend relating to InAs
layer thickness. This value is slightly higher than the best value that has been previously
reported and so scanning transmission electron microscopy was used to further investigate
the interface.

From the scanning transmission electron microscopy in Fig. 4.12 it is clear that whilst the
interface may be considered “GaAs like” as is the convention, it is clearly quite far from a
pure binary GaAs interface. The interface can be more accurately described as a graded
InGaAsSb interface or a “mixed interface” [192]. The interface width is defined as the
distance between 10% and 90% cation/anion intensity ratio [193]. The GaSb on InAs
interface is 621 ML thick and the InAs on GaSb interface is around 51 ML thick. These
interfaces are generally thicker than what has been previously reported [194] which could
be due to their mixed nature as opposed to a pure GaAs interface which would require less
thickness for the same strain balance.
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Fig. 4.12. High resolution scanning transmission electron microscopy showing the “GaAs
Like” interfaces within the T2SL.
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4.2.5 InAs/GaSb T2SL device growth

Now that InAs/GaSb T2SLs can be grown lattice matched to InAs substrates with low surface
roughness, the next step is to design and grow a InAs/GaSb T2SL device structure. As
discussed in section 2.2, barrier-based photodetectors offer superior dark current
performance which is essential for LWIR detectors. The nBn structure was selected due to
its relative simplicity as it can be formed from only InAs/GaSb T2SLs and only requires n-
doping.

The nBn device contains two different InAs/GaSb T2SLs with different InAs thicknesses. The
LWIR T2SL consists of 21 monolayers of InAs and 8 monolayers of GaSb (21 ML/8 ML) and
has a band gap of ~0.1 eV (A = 12um). The MWIR T2SL consists of 8 monolayers of InAs and
8 monolayers of GaSb (8 ML/8 ML) and has a band gap of ~0.28 eV (A = 4.5um). Since the
GaSb thickness is the same in both of the T2SLs, their valence band offset is near 0 eV [195].
This 0 eV valence band offset means that the difference in bandgap is entirely within the
conduction band which creates an electron barrier of 0.18 eV.

This barrier height is notably lower than those reported in comparable Al-containing nBn
structures [196]. However, it should still be large enough to suppress thermionic emission
since at 77 K, 3kT is only 0.02 eV. The finalised device structure consists of a 205 nm n-type
(n =10 cm3) 21 ML/8 ML T2SL bottom contact, a 2050 nm u.i.d 21 ML/8 ML T2SL absorber
layer, a 125nm u.i.d 8 ML/8 ML T2SL barrier layer and a 205 nm n-type (n = 10*¥cm3) 21
ML/8 ML T2SL top contact.
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To grow the device structure, doping calibration is required. Silicon (Si), provided by the
precursor disilane, was used as the N-dopant. Being a group IV element, Si can act as either
an N-type or P-type dopant depending on the material. Specifically, Si serves as an N-dopant
for InAs but acts as a P-dopant for GaSb. Therefore, to N-dope an InAs/GaSb T2SL with Si,
the Si flow is only activated during the InAs growth phase, while the GaSb remains undoped.
This separation of the dopant makes accurate doping calibration very challenging as the
resolution of SIMS is not high enough to resolve individual layers of a T2SL. Therefore,
doping calibration was performed on thicker bulk InAs samples, and these results were used
to estimate the doping concentration for the T2SL.

The absolute values for doping presented in this work may not be fully accurate as the
calibration standards were calibrated from InGaAs samples instead of InAs, due to the
difficulty of obtaining InAs calibration samples. While this method may not fully optimise
the doping, a rough estimate should be sufficient to produce functional devices, as only the
contact layers in the nBn structure are actively doped.

A structure consisting of three InAs layers each with a different ratio of SioHe to TMIn was
grown and SIMS was used to calibrate the Si incorporation, as shown in Fig. 4.13.
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Fig. 4.13. (a) Schematic diagram of the staircase doping calibration of Si into bulk InAs. (b)
SIMS data from the doping calibration sample. The ratio of the flow of SioHs to TMIn was
increased from 5x10°to 5x10 resulting in an increase of Si concentration from 3x10%° to
6x101® Atoms / cm?.

The highest Si concentration from the doping calibration was 6x10%® Atoms / cm? which
occurred when the SizHs to TMIn ratio was 5x10. The desired Si concentration of the n-
contact layers in the device structure was around 10*® Atoms / cm3. Therefore, the flow of
Si2He to TMIn used in the device contact layers was set to 5x10°3.
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Once the doping was calibrated, the full device structure was then grown from a
combination of 21 ML/8 ML and 8 ML/8 ML T2SLs, as shown in Fig. 4.14. The layer
thicknesses were confirmed using TEM.

(a) (b)

EEV BB/ EEV
Contactn=102cm=

=ML SIVIEVIWIR
Barrier=0U::D

I IR——|

=———/psorperUilb———|

2=V BIVHEENR
ContocEn=a102cm=

100nm InAs nucleation layer
InAs Substrate

Fig. 4.14. (a) Schematic diagram of the full device epitaxial structure. (b) Transmission
electron microscopy (TEM) scan of the indicated region of the device structure.



4.3 Device Results

4.3.1 Surface Passivation

The grown device structure was divided into multiple pieces and different fabrication
methodologies were investigated. Dark current remains the main challenge in the field of
LWIR detectors, especially dark current related to exposed sidewalls. Finding an acceptable
surface passivation technique is therefore important in developing LWIR detectors.

The exposed detector sidewalls contain dangling bonds which form surface states that act as
mid bandgap trap states. These trap states create a carrier recombination pathway which
increases dark current. In order to reduce this dark current the dangling bonds must be
capped with a material that can change the surface states to no longer exist within the
bandgap. Due to the nature of the T2SL containing multiple materials as well as its narrow
bandgap making recombination easier, an optimal surface passivation technique has yet to
be found. Surface passivation for the T2SL remains a large challenge for the
commercialisation of T2SL detectors and is an actively researched field.

Common passivation techniques for T2SL-based IR detectors include the use of SixNy, SiO>,
polyimide, and ammonium sulfide. The effectiveness of these techniques varies based on
treatment conditions. Ammonium sulfide passivation is known for its lack of reproducibility
and long-term stability. SixNy and SiO, deposited at the standard temperature of 300°C
result in very high surface leakage currents on InAs and GaSb p-i-n diodes. Therefore, lower
temperature deposition of SixNy or SiO2 is necessary, although this slows the process and
can degrade the electrical characteristics of T2SL photodiodes. Photoresists such as BCB and
SU-8 have been shown to be simple and effective alternatives to these other passivation
techniques [197]. However, since they are photoresists, they are not as durable as the other
techniques and so may not be as applicable in commercial settings. In this work, the
photoresist AZ3027 was used for surface passivation, as shown in section 3.2. AZ3027 was
chosen as it is easy to apply and has not yet been as deeply investigated as the other more
common photoresists.

The first set of devices fabricated follow the fabrication steps laid out in section 4.2. These
devices were deep etched, as shown in Fig. 2.7. The deep etch was performed using a PE-
100 plasma etching machine. These devices are therefore known as deep, dry etched
devices. The fabrication process was split into two with half the devices receiving the
AZ3027 surface passivation and half remaining unpassivated for comparison.

The dark current density of 5 of the passivated and unpassivated samples was then taken
and the lowest of each was plotted, in Fig. 4.15.
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Fig. 4.15. Dark current density (/;) versus voltage for the deep, dry etched detectors, with
and without surface passivation.

The operating voltage for these devices is -0.1V, so any reduction in dark current density at
this voltage will enhance detector performance. The reduction in dark current density in the
forward bias was not investigated as these devices do not function in the forward bias. As
shown in Fig. 5.14, the AZ3027 reduced the dark current density of the deep, dry etched
device from 0.12 to 0.06 A/cm? at -0.1V, achieving a 50% reduction.

Another method to reduce surface-related dark currents is to fabricate shallow etched
devices with significantly smaller exposed sidewalls. The same fabrication procedure was
used, differing only in the depth of the dry mesa etch. As illustrated in Fig. 2.7, a deep mesa
etch extends to the bottom contact, whereas a shallow mesa etch stops at the barrier layer.
These shallow etched devices were then split into two groups: one half was passivated, and
the other half was left unpassivated to determine if passivation remains effective for
shallow devices.
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Fig. 4.16. Dark current density (/;) versus voltage for the deep and shallow, dry etched
detectors with and without surface passivation.

As shown in Fig. 4.16, the shallow etched devices exhibited lower dark current densities at
-0.1V. The passivated shallow etched device had a dark current density of 0.05 A/cm?, while
the unpassivated shallow etched device had a dark current density of 0.04 A/cm?. This
indicates that the reduced exposed sidewall in shallow etched devices diminishes the impact
of sidewall passivation, compared to the significant decrease observed in deeply etched
devices.

In order to further investigate the surface dark currents, devices of multiple different
diameters were fabricated and compared. The total dark current density (/;) can be
expressed as:

Ja= @ X g"‘ Tbuik (4.1)

where @ is the sidewall current per unit length, S is the perimeter-to-area ratio of the
detector and Jp,ik is the bulk component of the dark current density. Fig. 5.17 shows a plot

. . . . P
of Jq against the device perimeter-to-area ratio, e
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Fig. 4.17. Dark current density (/;) versus the perimeter-to-area ratio for the deep and
shallow, dry etched detectors with and without surface passivation. The linear fittings were
obtained using equation 4.1.

From Fig. 4.17, the bulk and surface components of the dark current densities for each
detector can be calculated. The bulk and surface components of the dark current densities
are shown in Table 4.1 along with the total dark current density from Fig. 4.15.

Table 4.1. Surface, bulk and total dark current for the dry etched devices.

Device Surface Dark Bulk Dark current Total dark current
current (A/cm) density (A/cm?) density (A/cm?)
Deep Unpassivated 1.1x101 3.5x107? 1.2x1071
Deep Passivated 8.3x10°3 5.0x102 5.9x1072
Shallow Unpassivated 1.2x1072 4.2x102 5.1x102
Shallow Passivated 2.7x10°3 4.2x107 4.3x102

For all devices the sum of surface and bulk dark currents is very close to the total measured
dark current density which gives confidence to the linear fitting in Fig. 4.16. When the
surface and bulk dark currents are separated, the effect of the passivation becomes clear.
The total dark current density of the deep unpassivated sample is completely dominated
with surface dark currents. When passivated, the surface dark currents reduce by 92%.
However, the bulk dark current densities are all still around 102 which is around 100x higher
than the “rule 07” value at this wavelength. This indicates that there is still further
optimisation needed before these detectors can directly compete with the state-of-the-art



MCT. Whilst the shallow detectors did perform better than the deep detectors, the trade-off
still exists between dark current reduction and detector density within a focal plane array.
The shallow detectors need to be kept two lateral diffusion lengths apart from each other to
prevent crosstalk, as shown in Fig. 4.18.
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Fig. 4.18. Schematic layout of the shallow etched pixels with different mesa etch diameters
(Dn) showing the lateral diffusion length (Lpiff).

By varying the mesa sizes of the shallow etched devices, the lateral diffusion length (Lpif)

can be calculated via:

_ Jbutk (D+2Lpif5)?
J(D) = L B0t (4.2) [72]

where /(D) is the total dark current density at a given mesa diameter, [« is the bulk dark
current density, D is the mesa diameter and Lp;fis the lateral diffusion length. Fig. 4.19

shows a plot of Jqagainst mesa diameter which is used to calculate Lp;s .
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Fig. 4.19. Measured dark current density against mesa diameter. The fitting was obtained
using equation 4.2.

From Fig. 4.19, the lateral diffusion length was determined to be 70 um. Consequently, the
“true” shallow device diameter was calculated as the mesa diameter plus 140 um. This
“true” shallow device diameter was used for all other shallow device data calculations, such
as those in Fig. 4.15 and 4.16. This lateral diffusion length is notably shorter than the 200-
250 um reported in previous literature [72].The reduction in diffusion length is likely due to
the mixed “GaAs-like” interfaces. In cases with longer diffusion lengths, a more “GaAs-like”
and less mixed interface was used. A large bandgap “GaAs-like” interface may promote
lateral carrier movement, as it hinders vertical movement through the interface, thereby
increasing the lateral diffusion length.

Despite the reduction, a lateral diffusion length of 70 um is still substantial and significantly
limits potential pixel density. Typically, the spacing between pixels in an FPA is less than 10
um. A lateral diffusion length of 70 um implies a minimum spacing of 140 um between
these shallow pixels, which is much higher than current FPAs. Due to this pixel spacing issue
and the effectiveness of the surface passivation layer in reducing the sidewall dark current
of deep pixels, the deep etched pixels in this work were considered superior to the shallow
etched pixels.



4.3.2 Wet Vs Dry etch

The final fabrication parameter investigated was the mechanism of the mesa etch.
Previously all samples used a BCls based dry etch to perform the mesa etch, as shown in
section 3.2. Dry etching works by physically bombarding the sample with plasma which can
cause a lot of surface damage to the sample. This surface damage results in a large number
of dangling bonds and defects which act as pathways to increase surface related dark
currents. A wet etch works by chemically removing the desired material within a solution
which causes far less surface damage than dry etching. In theory the wet etch should result
in lower dark current densities than dry etched samples. The fabrication of the wet etched
samples was exactly the same as set out in 3.2, except the mesa etch was performed using a
citric acid based wet etch consisting of CsHgO7, H3POa, H20; and H,O0 in the ratio; 15 g : 20 ml
:12 ml : 40 ml.

The dark current density of these deep wet etched devices was then plotted and compared
to the previous deep dry etched devices, as shown in Fig. 4.20.
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Fig. 4.20. Dark current density (/;) versus voltage for the dry and wet etched detectors with
and without surface passivation.

As shown in Fig. 2.20, for the device diameter of 400um, the wet etched devices exhibited
lower dark current densities than the dry etched devices. The dark current density at -0.1V
for the wet etched unpassivated device was 7.7x102 A/cm?, and the dark current density at
-0.1V for the wet etched passivated device was 2.2x102 A/cm?. The same Jq4 against device

perimeter-to-area ratio, % analysis was performed as in Fig. 5.16, and is plotted in Fig. 4.21.
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Fig. 4.21. Dark current density (/;) versus the perimeter-to-area ratio for the dry and wet
deep etched detectors with and without surface passivation. The linear fittings were
obtained using equation 4.1.

From Fig. 4.21, the bulk and surface components of the dark currents for each detector
were calculated. The bulk and surface components of the dark currents are shown in table
4.2 along with the lowest total dark current density for a 400 um device from Fig. 4.20.

Table 4.2. Surface, bulk and total dark current for the wet and dry etched devices.

Surface Dark Bulk Dark current Total dark current
current (A/cm) density (A/cm?) density (A/cm?)
Dry Unpassivated 1.1x10? 3.5x102 1.2x101
Dry Passivated 8.3x103 5.0x107? 5.9x107?
Wet Unpassivated 8.2x1072 3.3x10? 7.7x10?
Wet Passivated 2.5x102 1.9x107? 2.2x10?

By analysing the wet and dry unpassivated surface dark currents, it is evident that the dry
etching process generates more surface currents than the wet etching process. Specifically,
the wet etched surface dark currents were 1.3 times lower than those of the dry etched
samples. Similar to the dry etched samples, surface passivation effectively reduced the
surface dark currents of the wet passivated devices, achieving a 70% reduction.



However, when comparing the passivated dry and wet etched samples, the differences are
less pronounced. While the fittings of the wet etched samples somewhat align with their
total dark current densities, there appears to be some discrepancy due to variations
between devices of the same type. Therefore, it is challenging to definitively determine
which fabrication method is superior between passivated dry and wet etched samples.
Nonetheless, AZ3027 has proven to be an effective surface passivation technique for both
wet and dry etched InAs/GaSb T2SLs. Despite significant improvements from surface
passivation, the bulk dark current densities remain relatively high compared to current
state-of-the-art devices, as illustrated in Fig. 4.22.
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Fig. 4.22. Comparison of the dark current densities in this work compared to the values in
literature for Barrier-based InAs/GaSb [4-7,113,114,71,115,116,8,117-119,9,10,120,11-
14,121,15,122,16,123], Non-Barrier InAs/GaSb [124,20,125-127,21,128,17,22,23,129-135],
Barrier-Based InAs/InAsSb [136,27-29,40,42,137-139,30,140,141] and Non-Barrier
InAs/InAsSb detectors [32,47,33—35,142,36]. As well as MCT detectors [143,144] and the
“Rule 07” line [48].

One possible explanation for this elevated Jpuik is the formation of a depletion region
between the barrier and absorber regions due to inadequate doping control. Both regions
were left unintentionally doped, with the assumption that their doping levels would be
similar. However, this assumption may be flawed because the InAs layer thickness varies
significantly between the two regions. InAs typically dopes n-type unintentionally, while
GaSb dopes p-type. Consequently, the absorber region is likely to be more n-doped than the
barrier region, potentially leading to the formation of a depletion region.



If a depletion region forms between the barrier and absorber, it could create an area for
Shockley-Reed-Hall (SRH) based generation-recombination (GR) current, which is usually
suppressed in an nBn device. A depletion region is formed due to the diffusion of majority
carriers, leaving behind fixed ionised impurities. These ionised impurities act as trap sites
within the band gap which act as intermediary states for carrier to recombine through via
SRH recombination. This SRH recombination creates a pathway for current to flow even
when the device is not illuminated, hence it increases the dark current of the device.

A doping difference of one order of magnitude between the barrier and absorber regions
has been shown to increase dark current density by two orders of magnitude [123].
Additionally, this doping difference can increase the external quantum efficiency (EQE) by
five times [123]. These effects can be attributed to the introduction of a depletion region, as
both SRH generation-recombination currents and EQE increase with the size of the
depletion region, as shown in equation 2.5 and section 2.2.

To confirm if the formation of a depletion region is occurring in these devices, the dominant
dark current mechanism needs to be identified. If GR-related dark current dominates, it is
highly likely that the high dark current density is due to insufficient doping control in the
barrier and absorber regions.

4.3.3 Dark current mechanisms

In order to investigate the dominant dark current mechanism within the devices,
temperature dependant dark current density measurements were taken. How the dark
current density changes with temperature can be used to calculate the activation energy
(Ea) of the detector, which in turn can be used to estimate the dominant dark current
mechanism [198]. An E; of around the size of the band gap of the detector indicates that the
detector is limited by diffusion currents. If the E; is equal to around 50% of the detectors
band gap, then the detector is said to be limited by generation-recombination dark current
mechanisms. If the E;is close to 0 then the detector is dominated by temperature
insensitive tunnelling currents. The activation energy can be calculated from the expression:

J, = exp ('E“) (4.3)[198]

KgT

where J,; is the total dark current density, E, is the activation energy, Ky is the Boltzmann
constant and T is temperature. Arrhenius plots of J; against 1000/T were then created for
each device, as shown in Fig. 4.23 and values for E, were calculated.
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Fig. 4.23. Arrhenius plot of J; against 1000/T showing the activation energies (Ea) for 400um
diameter devices at -0.1V. For clarity the data have been offset from each other in causing

J4 to be in arbitrary units.

The absorber layer of the detectors has a band gap of approximately 100 meV. The
activation energies of all the detectors measured in Fig. 4.23 are around 50% of this band
gap, indicating that the detectors are dominated by generation-recombination (GR) based
dark current mechanisms. This supports the theory that the high dark current is due to an
unintentional depletion region caused by a lack of doping control.



4.3.4 Optical device results

Once the devices have been electrically characterised, the next step is to characterise their
optical properties in order to achieve a final detectivity value for each detector. The spectral
response curve of the detectors was measured using a Bruker Vertex 70 FTIR calibrated
using a combination of both Vigo PVMI-2TE MCT and Bruker DLTGS reference detectors. A
550K blackbody source synced to a chopper and a lock-in amplifier was then used to
calibrate the absolute responsivity values, as shown in Fig. 4.24,
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Fig. 4.24. Plot of responsivity against wavelength for the six different fabrication methods of
the InAs/GaSb T2SL LWIR detector.

The 100% cutoff wavelength of these detectors is defined as the wavelength where
responsivity reaches zero, which occurs at approximately 13.5 um for all detectors. There is
a noticeable difference in the rate at which responsivity drops between the 10 and 13 um
wavelengths, leading to a variation in the 50% cutoff wavelength, which ranges from 11 to
11.5 um. However, it is challenging to identify any consistent pattern in this variation.



Generally, the 50% cutoff wavelength is lower for the dry deep devices, but without
additional data, this observation is difficult to confirm and may be attributed to device-to-
device variation.

From the responsivity, the EQE was calculated using equation 2.10, as shown in Fig. 4.25.
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Fig. 4.25. Plot of EQE against wavelength for the six different fabrication methods of the
InAs/GaSb T2SL LWIR detector.

The EQE for these detectors is above the current state of the art for LWIR T2SLs detectors,
as shown in Fig. 4.26.
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Fig. 4.26. Comparison of the EQE in this work compared to the values in literature for MCT
[2,3,150,151], Barrier-Based InAs/GaSb [9-12,120,152] and Barrier-Based InAs/InAsSb LWIR
detectors [141,153].

The high EQE observed in this work supports the theory that a depletion region has formed
within the nBn structure, resulting in increased dark current density and EQE. To determine
if the increase in EQE justifies the higher dark current, the detectivity of the detectors must
be calculated. The detectivity will help quantify the overall performance of the detectors.

The detectivity of each detector was then calculated using the responsivity, dark current
density and resistance area product using equation 2.11, and is shown in Fig. 4.27.
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Fig. 4.27. Plot of detectivity against wavelength for the six different fabrication methods of
the InAs/GaSb T2SL LWIR detector.

The detectivity of these detectors was then compared to the current state of the art, as
shown in Fig. 4.28.
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Fig. 4.28. Comparison of the detectivities in this work compared to the values in literature
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“Rule 07” line is added as a reference and is calculated from the rule 07 dark current density
line with the QE of the MCT detectors assumed to be 75%.



The detectivities of the devices in this work are approximately one order of magnitude
lower than the current state-of-the-art shallow etched T2SL single pixel performance [15].
However, if the aim is to create a FPA with a high pixel density via MOCVD, the isolation of
shallow etch is not currently sufficient [72] and so deep etching is required. The peak
detectivity of 4.43x10%° cm HzY/2/W at 9 pm is very comparable to deep etched detectors
grown by MBE at similar cutoff wavelengths [19,26]. This detectivity shows that this MOCVD
technique can be used as a reasonable alternative to the currently more established MBE
growth of InAs/GaSb T2SLs for LWIR FPA detectors.

The relatively low detectivity is attributed to the high dark current densities shown in Fig.
4.22. The lack of control over the doping of the barrier and absorber layers appears to be
responsible for the high dark current density and, consequently, the lower detectivity.
Adjusting the doping to align the concentrations could significantly reduce the dark current
density. Previous studies have shown that reducing a doping mismatch by one order of
magnitude to a matched absorber and barrier can decrease dark current density by two
orders of magnitude [123]. If the dark current density could be improved by just one order
of magnitude through better alignment of the doping levels, even if the EQE were halved,
the detectivity of these detectors would be comparable to the current state-of-the-art,
around 2x10% cm Hz2 / W. The simplest way to achieve this alignment is by adding light n-
doping to the barrier layer.

Since the InAs layer thickness is greater in the absorber than in the barrier, the absorber
should naturally be more n-type. By slightly n-doping the barrier, the doping concentrations
between the barrier and the absorber should be more closely aligned. This growth was
performed with comparable quality to the device samples discussed in this chapter.
Unfortunately, due to time constraints this intentionally doped device structure could not
be fabricated or tested as a device.



4.4 Summary

The growth temperature, GaSb V/Ill ratio, and InAs V/IlI ratio were all investigated to enable
the growth of InAs/GaSb T2SLs with surface roughness less than 0.2 nm RMS, all lattice-
matched to InAs substrates. Surface roughness and morphology were found to be highly
sensitive to changes in both growth temperature and GaSb V/Ill ratio. In this work the
temperature and GaSb V/IIl ratio which gave the best InAs/GaSb T2SLs were 510°C and 1.5.

Growth temperature also influenced the lattice match, as the formation of “GaAs-like”
interfaces was temperature-dependent, with higher temperatures creating more “GaAs-
like” interfaces. The GaSb V/IIl ratio had a minor effect on the lattice match, with higher
ratios correlating with less “GaAs-like” interfaces. The InAs V/IIl ratio did not affect surface
morphology but significantly impacted the lattice match, with higher As flow resulting in
more “GaAs-like” interfaces.

By controlling the As flow, it was possible to grow InAs/GaSb T2SLs lattice-matched to InAs
substrates using “GaAs-like” interfacial layers via MOCVD. The wavelength of the InAs/GaSb
T2SL can be tuned by adjusting the InAs layer thickness. This technique demonstrated that it
is possible to grow InAs/GaSb T2SLs with wavelengths ranging from 4.5 to 12 um under the
same interface growth conditions. This eliminates the need for interfacial recalibration
when changing wavelengths, simplifying the growth design workflow compared to MBE.

The T2SLs were fabricated into nBn detectors with a 100% cutoff at 13.5 um. Six different
devices were created using varied fabrication steps, investigating three parameters:
passivated vs. unpassivated, deep vs. shallow etching, and wet vs. dry etching. AZ3027 was
used as the surface passivation layer, successfully reducing surface-related dark currents by
up to 92% for the deep dry etched detector.

After demonstrating the effectiveness of surface passivation, shallow etched devices were
fabricated to compare their performance with deep etched devices. The shallow etched
devices exhibited lower dark current densities than the deep etched devices, and surface
passivation remained beneficial for these shallow devices. Although the shallow detectors
outperformed the deep detectors, a trade-off exists between dark current reduction and
detector density within a FPA.

Shallow detectors need to be spaced two lateral diffusion lengths apart to prevent crosstalk.
The lateral diffusion length for the shallow etched devices was found to be 70 um, which
significantly limits potential pixel density. Typically, the spacing between pixels in an FPA is
less than 10 um. A lateral diffusion length of 70 um implies a minimum spacing of 140 um
between these shallow pixels, which is much higher than current FPAs. Due to this pixel
spacing issue and the effectiveness of the surface passivation layer in reducing the sidewall
dark current of deep pixels, the deep etched pixels in this work were considered superior to
the shallow etched pixels for FPA applications.



The final fabrication parameter investigated was the etching mechanism, comparing dry vs.
wet etching. The wet etched devices exhibited lower dark current densities than the dry
etched devices. The passivated wet etched device had a dark current density of 2.2 x102 A
cm?, the lowest among all the devices in this study. However, this dark current density is
still relatively high compared to current state-of-the-art detectors. The high dark current
density appears to be caused by the formation of a depletion region within the nBn
structure due to the lack of doping control in the barrier and absorber regions.

The devices were then characterised optically. The peak EQE of the detectors ranged from
54.4 to 44.9% which is exceptionally high for this wavelength when compared to similar
devices. This high EQE correlates with the depletion region formation theory that caused
the high dark current density.

The best performance was observed in the wet deep passivated detector with a peak
detectivity of 4.43x10%° cm HzY/2/W at 9 pm. This detectivity is very comparable to deep
etched detectors grown by MBE at similar cutoff wavelengths. This demonstrates that the
MOCVD technique can serve as a viable alternative to the more established MBE growth
method for InAs/GaSb T2SLs in LWIR FPA detectors.



MW!IR detectors made from
InAs/InAsSb T2SLs

5.1 Introduction

Mid-Wavelength Infrared (MWIR) detectors are used in a variety of fields, including optical
gas sensors for pollution monitoring and industrial process control, medical diagnostics, and
significant defence and security applications such as night vision and missile warning
systems [50].

Antimony (Sb) based type-Il superlattice (T2SL) materials are a strong candidate for next
generation infrared technologies and are now becoming a viable alternative to the state of
the art mercury cadmium telluride (MCT) [54]. The Type-Il band alighnment of the T2SL gives
the material system its flexible band gap engineering capability, allowing for a widely
tuneable bandgap. The T2SL structure is also responsible for the suppression of band-to-
band tunnelling, Auger recombination and Shockley-Read-Hall recombination which make
up a large proportion of the dark current in MCT [55]. The other major advantage of the
T2SL when compared to MCT is in its growth uniformity. The ability to use standard IlI-V
growth techniques such as molecular beam epitaxy (MBE) and metal-organic chemical
vapour deposition (MOCVD) to grow material with good uniformity is a significant
advantage for the T2SL when compared to MCT.

There are two main candidates for the Sb based T2SL; the InAs/GaSb T2SL and the
InAs/InAsSb T2SL. Historically the focus has been on the InAs/GaSb T2SL due to its larger
optical absorption and larger wavelength range [56]. However, more recently the Ga-free
InAs/InAsSb T2SL has emerged as a promising new candidate for MWIR detectors due to its
longer minority carrier lifetime [57] and higher defect tolerance [58].

Historically, MBE has been the dominant method for growing Sb-containing structures [59—
61]. However, MOCVD presents a highly attractive commercial potential, provided that
material and device performance can match MBE results [47].

As shown in chapter 4, standard MOCVD growth of InAs/GaSb T2SLs is largely hindered by
the volatility of InSb used for strain balancing to GaSb substrates [199]. This challenge is
conveniently circumvented in Ga-free structures as they do not require extra interfacial
strain balancing layers in order to lattice match to their native GaSb substrates.

The big challenge for the MOCVD growth of InAs/InAsSb T2SL is the lack of an easy non-AlSb
based electron barrier layer. Unfortunately, the same technique used for InAs/GaSb cannot
be used in InAs/InAsSb as the layer thickness required to provide a big enough barrier would
greatly reduce the wavefunction overlap. For this reason, MOCVD grown InAs/InAsSb T2SL
detectors are confined to non-barrier-based architectures such as the PIN detector. This lack
of a barrier does restrict potential dark current performance of MOCVD grown InAs/InAsSb
T2SL detectors, but for MWIR detectors this is less of an issue than in the LWIR where dark
current is naturally high.



Many of the same growth challenges exist for the InAs/InAsSb T2SL as the InAs/GaSb T2SL.
The InAs/InAsSb T2SL is very sensitive to growth parameters such as temperature and InAs
V/Ill ratio making recipe development difficult. The main challenge specific to the MOCVD
growth of the InAs/InAsSb T2SL is the volatility of the Sb within the InAsSb. Extremely low
growth temperatures for MOCVD are therefore required to maintain a high enough Sb
incorporation. The Sb volatility can also cause the Sb to segregate throughout the T2SL
instead of staying within the desired InAsSb layers. This segregation can weaken the
guantum confinement of the T2SL and reduce the quantum efficiency of the detector.
Therefore, sharp interfaces between the InAs and InAsSb are required to produce high
performance detectors.

This chapter describes the growth, fabrication and characterisation of MOCVD grown
InAs/InAsSb T2SL LWIR detectors.

5.2 Growth of InAs/InAsSb T2SLs

The first step in developing InAs/InAsSb T2SL detectors is the investigation of the growth
parameters. The goal of this investigation is to grow a T2SL which is lattice matched to a
GaSb substrate, and which has an average root mean square (RMS) surface roughness of
less than 0.3 nm with no visible surface defects with an optical microscope.

The lattice mismatch was examined using an omega-2 theta XRD scan. This mismatch is
defined as the distance in arcseconds between the substrate peak and the central T2SL peak
in the omega-2 theta scan. In this scan, a positive lattice mismatch occurs when the T2SL
peak appears to the right of the GaSb peak, indicating a smaller lattice constant. Conversely,
a negative lattice mismatch is when the T2SL peak appears to the left of the GaSb peak,
indicating a larger lattice constant. If the T2SL and GaSb peaks overlap, resulting in zero
lattice mismatch, the T2SL is considered lattice-matched to the substrate. The full width at
half maximum (FWHM) of the first satellite peak in an XRD omega 2 theta scan was used as
a measure of interface quality. The aim was to have a FWHM value of less than 40 arcsecs
which would be comparable with MBE results. AFM was employed to quantify surface
roughness and investigate surface morphology.

The MOCVD growth was performed in an Aixtron Close Coupled Showerhead reactor. The
precursors used were trimethylindium (TMIn), tertiarybutylarsine (TBAs), triethylgallium
(TEGa), triethylantimony (TESb), disilane (Si,He) and diethylzinc (DEZn), with hydrogen used
as the carrier gas. The device structure was grown on a 2-inch n-doped GaSb (001)
substrate, with the reactor pressure kept at 100 mbar. The main growth parameters
investigated in this work were the growth temperature, InAs V/Ill ratio, As to Sb ratio in the
InAsSb and growth interruptions. The standard test structure used to investigate the growth
parameters was a 50-period InAs/InAs7,Sbg T2SL.

The InAs layer thickness was 17 ML and the InAsSb layer thickness was 8 ML resulting in a
band gap of around 0.28eV corresponding to a wavelength of 4.5um. An example growth
timeline of the InAs/InAsSb T2SL is shown in, Fig. 5.1.
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Fig. 5.1. MOCVD growth timeline of one period of the InAs/InAsSb T2SL with the additional
growth interruption steps.

5.2.1 Growth temperature

The InAs/InAsSb T2SL is very sensitive to growth temperature due to the volatility of the Sb
within the InAsSb. This volatility requires growth at very low temperatures for MOCVD to
ensure a high enough Sb incorporation within the InAsSb. The Sb incorporation is important
to both lattice match the T2SL to its substrate and to ensure the T2SL bandgap is as
intended. As shown in Fig. 5.2, the surface roughness and morphology of the InAs/InAsSb
T2SL is very sensitive to the surface temperature during growth. Increasing the growth
temperature beyond 460°C led to an increase in surface roughness and a move from a more
step flow like morphology to a more amorphous and hillock like surface morphology.
Growth temperatures this low are non-standard for industrial MOCVD processes and so
could face some pushback from some parts of the industry as they are not used to working
with temperatures this low. Unfortunately, the temperature requirements appear to be
unavoidable, and this work shows that the growth is completely possible using an
industrially relevant reactor. It is not yet clear if these low temperatures will cause problems
scaling the growth to larger planetary reactors and that is something that will need to be
investigated separately.
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Fig. 5.2. AFM surface scans of 50 period 17ML/8ML InAs/InAsSb T2SLs grown at three
different surface temperatures.

The surface temperature also affected the lattice constant of the T2SL. This can be explained
by the temperature dependence of the Sb incorporation within the InAsSb layers. XRD
simulation was used to calculate the InAs and InAsSb layer thicknesses as well as the InAsSb
composition from the peak positions in the Omega 2 Theta XRD scans. The InAs and InAsSb
layer thicknesses were 17ML/8ML as intended. As shown in Fig. 5.3, as the surface
temperature increases, the percentage of Sb compared to As within the InAsSb layers
decreased.
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Fig. 5.3. (a) Omega 2 Theta XRD scans of 50 period 17ML/8ML InAs/InAsSb T2SLs grown at
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three different surface temperatures. (b) Plot showing how the lattice mismatch and the Sb
incorporation of the InAs/InAsSb T2SLs changes with surface temperature.

In order to keep the improved surface from the reduced temperature, whilst maintaining

lattice match and 28% Sb, the Sb flow must be adjusted. For the samples in Fig. 5.2, the Sb
to As gas flow ratio was 30%. This ratio was decreased to 28% resulting in an incorporation

of 28% at 460°C, as shown in Fig. 5.4.
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Fig. 5.4. Omega 2 Theta XRD scans of 50 period 17ML/8ML InAs/InAsSb T2SLs grown at

460°C with different Sb to As gas flow ratios.
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5.2.2 Growth Interruption

Now that InAs/InAsSb T2SL could be grown lattice matched to the GaSb substrate with the
correct InAsSb composition, the next step is to improve the surface roughness and interface
quality. The first satellite peaks FWHM of the omega 2 theta scans shown in Figs. 5.3 and 5.4
are all greater than 100 arcsec implying that interfaces within the T2SL are not very sharp. It
is likely that the surface roughness is caused by these rough interfaces and so improving the
sharpness of the interfaces within the T2SL should also reduce the surface roughness. To
improve interfacial quality, a growth interruption step was introduced between the T2SL
layers, as shown in Fig. 5.5.
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Fig. 5.5. MOCVD growth timeline of one period of the InAs/InAsSb T2SL with the additional
growth interruption steps.

The growth interruption was successfully implemented and was able to drastically reduce
the FWHM of the first satellite peak from 134 to 38 arcsecs, as shown in Fig. 5.6. This new
lower FWHM is very comparable with MBE grown InAs/InAsSb T2SL showing that MOCVD is
able to achieve similar interface quality as MBE.
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Fig. 5.6. Omega 2 Theta XRD scans of 50 period 17ML/8ML InAs/InAsSb T2SLs grown at
460°C with and without growth interruption.
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Interestingly, the growth interruption step slightly decreased Sb incorporation within the
InAsSb layer. This decrease appears to be due to the volatility of Sb in the InAsSb layer.
During the growth interruption following InAsSb growth, only As is supplied, suggesting an
As-for-Sb exchange that reduces Sb composition. To compensate, the Sb flow was slightly
increased during InAsSb growth for the device samples.

As well as improving the FWHM of the first satellite peak, the growth interruption was able
to reduce the surface RMS roughness from 0.42 to 0.25 nm, as shown in Fig. 5.7.

No Growth Interruption With Growth Interruption
RMS 0.25nm

—m

-1.35

Fig. 5.7. AFM surface scans of 50 period 17ML/8ML InAs/InAsSb T2SLs grown with and
without growth interruptions.

By combining low growth temperature with growth interruption steps, InAs/InAsSb T2SLs
were successfully grown lattice-matched to GaSb, exhibiting low surface roughness and
sharp interfaces. This further supports the viability of MOCVD as an alternative to MBE for
producing high-quality InAs/InAsSb T2SLs.



5.2.3 Optical Properties of the T2SL

Once the physical properties of the InAs/InAsSb T2SLs were investigated, the optical
properties were investigated. Both the samples with and without the growth interruption
were investigated using FTIR PL, as shown in Fig. 5.8.
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Fig. 5.8. Photoluminescence plot of 50 period 17ML/8ML InAs/InAsSb T2SLs grown at 460°C
with and without growth interruption.

The sample with growth interruptions exhibits a slight blue shift compared to the sample
without growth interruptions. Specifically, the peak wavelength of the sample with growth
interruptions is 4.4 um, while the peak wavelength of the sample without growth
interruptions is 4.6 um. This wavelength shift can be attributed to the previously discussed
changes in Sb incorporation. Additionally, the sample with growth interruptions shows a
slight increase in PL intensity and a decrease in FWHM from 38 meV to 34 meV, indicating
higher interface quality.



5.2.4 InAs/InAsSb device growth

Now that InAs/InAsSb T2SLs can be grown lattice-matched to GaSb substrates with low
surface roughness and high interface quality, the next step is to design and grow an
InAs/InAsSb T2SL device structure. Due to the previously mentioned restrictions regarding
the MOCVD growth of AISb, the designed structure was a PIN diode. The PIN structure
consisted of a 100 period, 660 nm n-type (n= 108 cm=) bottom contact layer followed by a
225 period, 1500 nm un-doped | region, topped with a 50 period, 330 nm p-type (p= 108
cm3) top contact layer as shown in Fig. 5.9.

[ E— [ 17
P p=10'8cm3
50 period InAs/InAsSb

| Undoped
225 period InAs/InAsSb

— n=10'%cm S —
N 100 period InAs/InAsSb

20nm GasSb nucleation laver
GaSb Substrate

Fig. 5.9. Schematic diagram of the InAs/InAsSb T2SL PIN detector.

In order to grow this PIN structure, doping calibrations were needed. To simplify the doping
in the T2SL, only the InAs layers were doped. Since Fig. 4.13 was able to calibrate Si;Hs n-
doping of InAs, only the p-type doping calibration of DEZn into InAs was needed to grow the
whole structure. Another structure consisting of three InAs layers each with a different ratio
of DEZn to TMIn was grown and secondary ion mass spectrometry (SIMS) was used to
calibrate the Si incorporation, as shown in Fig. 5.10. It is worth noting that SIMS gives the
total dopant concentration, not the amount of electrically active dopant. In order to
guantify the electrically active doping concentrations in the PIN devices a capacitance
voltage measurement needs to be taken. Unfortunately, due to time constraints, it was not
possible to take this capacitance voltage measurement and so the actual electrically active
dopant levels are unknown in these devices.
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Fig. 5.10. (a) Schematic diagram of the staircase doping calibration of Zn into bulk InAs. (b)

SIMS data from the doping calibration sample. The ratio of the flow of DEZn to TMIn was

increased from 1x103to 1x10 resulting in an increase of Si concentration from 4x10'’ to

8x10'8 Atoms / cm?3.

Zn Concentration (Atom / cm?®)

Fig. 5.10 shows that in order to achieve a Zn concentration of 108 Atoms / cm3, the DEZn to
TMIn ratio needs to be around 1x1072. Once the doping was calibrated, the device structure
was grown and fabricated. AFM and XRD were then used to characterise the full device
sample as shown in Fig. 5.11.
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Fig. 5.11. (a) AFM surface scans of the full device sample. (b) Omega 2 Theta XRD scans of
the full device sample.

Fig. 5.11 shows that the device sample was able to be successfully grown lattice matched to
the GaSb substrate with a low surface RMS roughness of 0.21nm. The FWHM of the first
satellite peak in Fig. 5.11b, is 22 arcsec showing that the interface quality remains high even
when the sample thickness increases.



5.3 Device Results Page 104

5.3 Device Results

5.3.1 Dark current

The fabrication of the PIN device followed the same fabrication process as the deep, wet
etched and passivated InAs/GaSb nBn device in section 4.3.2. Once the PIN devices were
fabricated, their dark current densities were taken, as shown in Fig. 5.12.
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Fig. 5.12. Dark current density (/) versus voltage for the InAs/InAsSb T2SL PIN detectors
across a range of temperatures.

The operating voltage for these devices is -0.1V, so dark current density values were taken
at -0.1V. The two main temperatures of interest for this device are at 77K and 150K which
are generally regarded as the standard low operating temperature and the high operating
temperature for devices of this type. At 77K the InAs/InAsSb PIN diode had a dark current
density of 7.9x10° A/cm?. At 150K the InAs/InAsSb PIN diode had a dark current density of
1.1x103A/cm?. Current state of the art dark current densities for MOCVD grown
InAs/InAsSb non barrier detectors at this wavelength and bias are around 5x10®A/cm? at
77K [33] and 1.5x103 A/cm? at 150K [47]. The results in Fig. 5.12 are therefore very
competitive with the comparable state of the art results. These results were also compared
to all the different detector types available in literature, as seen in Fig. 5.13.
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Fig. 5.13. Comparison of the dark current densities from the InAs/InAsSb PIN detector in this
work compared to the values found in literature for Barrier-based InAs/GaSb [4—
7,113,114,71,115,116,8,117-119,9,10,120,11-14,121,15,122,16,123,38], Non-Barrier
InAs/GaSb [124,20,125-127,21,128,17,22,23,129-135,145], Barrier-Based InAs/InAsSb
[136,27-29,40,42,137-139,30,140,141,146,39,41,43] and Non-Barrier InAs/InAsSb detectors
[47,33,32,34,35,142,36]. To be compared with MCT detectors [143,144] and the “Rule 07”

The InAs/InAsSb PIN detectors in this work have very comparable dark current densities to
current MWIR detectors at both 77 and 150K. This provides further evidence that MOCVD is
a viable alternative to MBE when it comes to the growth of InAs/InAsSb T2SLs for MWIR

detectors.



5.3.2 Optical device results

Once the devices were electrically characterised, the next step was to characterise their
optical properties in order to achieve a final detectivity value for each detector. The spectral
response curve of the detectors was measured in the same way as the InAs/GaSb detectors
in section 4.3. The responsivity of the MWIR InAs/InAsSb PIN detectors at both 77K and
150K is shown in Fig. 5.14.
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Fig. 5.14. Plot of responsivity against wavelength for the InAs/InAsSb PIN detector at 77 and
150K.

The peak responsivity for at both 77 and 150K occurred at 3.8 um. The peak responsivity
was 1.83 A/W at 77K and 1.94 A/W at 150K. This slight increase of responsivity with
temperature has been observed previously on similar structures [33] and appears to be
caused by the band gap narrowing at higher temperatures meaning that more of the
incident photons from the broadband source are able to produce a photocurrent [200]. This
bandgap narrowing also explains the increase in the 100% cutoff wavelength from 5.25 to
5.5 um.



From the responsivity, the external quantum efficiency (EQE) was calculated using equation
2.10, as shown in Fig. 5.15.
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Fig. 5.15. Plot of EQE against wavelength for the InAs/InAsSb PIN detector at 77 and 150K.

The EQE at 3.8 um was 59.3% at 77K and 62.5% at 150K. The EQE for these detectors is
above the current state of the art for both MOCVD and MBE grown MWIR T2SLs detectors,
as shown in Fig. 5.16.
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Fig. 5.16. Comparison of the EQE from the InAs/InAsSb PIN detector in this work compared
to the values found in literature for MWIR MCT [143,147,148], Barrier-based InAs/GaSb
[6,7,71,113-115] , Non-Barrier InAs/GaSb [20,124-126,149] , Barrier-Based InAs/InAsSb
[30,140,141] and Non-Barrier InAs/InAsSb detectors [33—-35,142].

The high EQE shown in Fig. 5.16, is further evidence of the high-quality interfaces produced
via the growth interruption technique discussed in section 5.2.2.

The detectivity of each detector was then calculated using the responsivity, dark current
density and resistance area product using equation 2.11, and is shown in Fig. 5.17.
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Fig. 5.17. Plot of Detectivity against wavelength for the InAs/InAsSb PIN detector at 77 and
150K.

The detectivity at 3.8 pm was 1.14x10'2 cm HzY2/W at 77K and 1.00x10! cm Hz¥2/W at
150K. Current state of the art detectivity for MOCVD grown InAs/InAsSb non barrier
detectors at this wavelength are around 3x10'2 cm Hz¥2/W at 77K [33] and 1.2x10! cm
HzY/2/W at 150K [47]. The results in Fig. 5.16 are therefore very competitive with the
comparable MOCVD grown state of the art results. The detectivity values for this work are
also very comparable to the current literature at both 77K and 150K, as shown in Fig. 5.18.
This detectivity provides good evidence that MOCVD grown InAs/InAsSb T2SLs are a viable
technology for MWIR photodetectors even if they are currently restricted to non-barrier-
based architecture which restricts dark current performance. Although the development of
viable MOCVD-based barrier solutions might hinder the InAs/InAsSb PIN from achieving
state-of-the-art performance, the significant economic advantages of MOCVD over MBE,
along with the scalability benefits of T2SLs compared to MCT, could be considered more
beneficial overall, even with the performance limitations.
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Fig. 5.18. Comparison of the dark current densities from the InAs/InAsSb PIN detector in this
work compared to the values found in literature for MCT [2,3], Barrier-based InAs/GaSb [4—
19,38], Non-Barrier InAs/GaSb[9,12,17,20-26], Barrier-Based InAs/InAsSb [27-31,39-46]
and Non-Barrier InAs/InAsSb detectors [32—-37,47]. At (a) 77K and (b) 150K.



5.4 Summary

An InAs/InAsSb T2SL MWIR detector was grown and fabricated with a cutoff wavelength of
5.5um and a peak detectivity of 1.14x10%2 cm HzY/2/W at 77K.

The InAs/InAsSb T2SL was found to be very sensitive to growth temperature. Increasing the
growth temperature beyond 460°C led to an increase in surface roughness, so 460°C was
deemed to be the highest growth temperature for the InAs/InAsSb T2SL. To improve surface
roughness and quantum efficiency of the detector, a growth interruption step was
introduced after each InAs and InAsSb layer. This growth interruption was very successful at
improving interface quality, indicated by a reduction in the first satellite peak FWHM from
134 to 38 arcsecs, which is very comparable to state-of-the-art MBE results. The growth
interruption also nearly halved the surface roughness of the T2SL from 0.42 to 0.25 nm.

A 2500 nm thick PIN device was then grown using these growth parameters and fabricated.
The fabrication consisted of a deep wet etch and surface passivation from AZ3027, as used
in the InAs/GaSb device fabrication. The detectors were found to have very comparable
dark current densities to both the current MOCVD-grown MWIR detectors and the other
MBE-grown MWIR detectors at both 77K and 150K. At 77K, the InAs/InAsSb PIN diode had a
dark current density of 7.9x10® A/cm?2. At 150K the InAs/InAsSb PIN diode had a dark
current density of 1.1x10°3 A/cm?. Current state-of-the-art dark current densities for
MOCVD-grown InAs/InAsSb non-barrier detectors at this wavelength and bias are around
5x10°®A/cm? at 77K [33] and 1.5x103 A/cm? at 150K [47]. However, the lack of a barrier
seems to prevent these MOCVD-grown PINs from reaching the true state-of-the-art dark
current performance achieved by MBE-grown devices, especially at 150K.

The peak EQE of the detector was 59.3% at 77K and 62.5% at 150K, and the cutoff
wavelength was between 5.25 and 5.5 um. The EQE for these detectors is above the current
state-of-the-art for both MOCVD and MBE-grown MWIR T2SL detectors. This high EQE
provides further evidence of the high-quality interfaces produced via the growth
interruption technique.

The detectivity at 3.8 pm was 1.14x10%2 cm HzY/2/W at 77K and 1.00x10 cm HzY/2/W at
150K. Current state of the art detectivity for MOCVD grown InAs/InAsSb non barrier
detectors at this wavelength are around 3x10'2 cm Hz%2/W at 77K [33] and 1.2x10% cm
Hz2/W at 150K [47]. These detectivity values are also somewhat competitive with the
current MBE results. The main discrepancy is caused by the higher dark current due to the
lack of barrier. This provides good evidence that MOCVD grown InAs/InAsSb T2SLs are a
viable technology for MWIR photodetectors even if they are currently restricted to non-
barrier-based architecture. Although the development of viable MOCVD-based barrier
solutions might hinder the InAs/InAsSb PIN from achieving state-of-the-art performance, the
significant economic advantages of MOCVD over MBE, along with the scalability benefits of
T2SLs compared to MCT, could be considered more beneficial overall, even with the
performance limitations.



Growth of InAs/InAsSb T2SLs
on non-native substrates

6.1 Introduction

GaSb substrates are limited by their small size, high cost and brittleness, necessitating the
exploration of more commercially favourable alternatives. Furthermore, GaSb’s high
absorption coefficient in the MWIR range is problematic for conventional backside
illuminated devices, as it leads to significant absorption of incident light before it reaches
the detector. While mechanical backside thinning can reduce this absorption, it adds extra
steps and costs to the manufacturing process.

The InAs/InAsSb type-Il superlattice (T2SL) stands out as an excellent candidate for
integration on non-native substrates, thanks to its defect tolerance. This tolerance arises
because the defect states are located above the conduction miniband within the
InAs/InAsSb T2SL, rather than within the band gap [58]. Consequently, the InAs/InAsSb T2SL
shows great promise for growth on substrates with significant lattice mismatches. Whilst
this defect tolerance has been demonstrated experimentally for the T2SL itself, how it
translates into device performance is less clear.

This chapter focuses on the growth of InAs/InAsSb T2SLs on the two main GaSb substrate
alternatives, GaAs and Si.

GaAs substrates are a promising alternative to GaSb due to their lower cost, larger wafer
size and transparency to MWIR radiation, as long as the 7.8% lattice mismatch can be
overcome. Si substrates provide even stronger economic arguments than GaAs, but this
comes at the cost of an even higher 12% lattice mismatch, as well as the challenge of
controlling antiphase domains (APDs) from growing polar V/IIl materials on non-polar Si.
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6.2 InAs/InAsSb T2SLs Detectors on GaAs Substrates

Since the InAs/InAsSb T2SLs are lattice matched to GaSb, the first step in integrating the
InAs/InAsSb T2SLs detector with the GaAs substrate is to grow fully relaxed GaSb on GaAs
substrates. The lattice mismatch between GaSb and GaAs is very large at 7.8% and therefore
requires strain relaxation in order to reduce the dislocations associated with such a large
mismatch [201]. In the case of the GaSb/GaAs interface there exists a strain relaxation
mechanism known as the interfacial misfit array (IMF) [202], in which, a 2d array of regularly
spaced misfit dislocations are able to confine the strain relaxation to the material interface.
The IMF can significantly reduce the number of threading dislocations that reach the surface
of the GaSb.

Misfit dislocations occur in the interface between two materials with different lattice
constants. Due to the difference in lattice constant some bonds are left “free” or “dangling”.
These free bonds are known as misfit dislocations. As shown in Fig. 6.1, there are two main
types of misfit dislocations: 60° and 90° [202]. The angle of the dislocation is calculated
between the Burgers vector and the dislocation vector.
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Fig. 6.1. Diagram showing how the two different types of misfit dislocations propagate. This
figure is adapted from reference [203].



The difference between 60° and 90° misfit dislocations is the plane in which the dislocation
propagates. The 60° misfit dislocation propagates along the (111) and (1-11) planes and the
90° misfit dislocation propagates along the (110) and (1-10) planes. Unfortunately, the (111)
plane is a slip plane. A slip plane is the plane with the greatest atomic density which makes
it energetically favourable for the dislocations to travel up it as the nearest neighbour
interactions are more shared meaning the atoms are less strongly bound [204]. Therefore, if
a misfit dislocation propagates along a slip plane, it is likely for it to travel up the slip plane
turning into a threading dislocation. Since these threading dislocations travel vertically up
the structure, they can reach the device and impact its performance.

90° misfit dislocations are far more desirable due to them not propagating along slip planes.
Not propagating along slip planes mean that they do not turn into threading dislocations
and remain confined to the interfacial layer and therefore do not impact device
performance [205]. Therefore, maximising the formation of 90° dislocations and minimising
the formation of 60° dislocations is required to grow GaSb on GaAs with a minimal threading
dislocation density.

It has been shown previously that a variety of factors contribute to which type of misfit
dislocation is formed with the main factor being the coalescence of GaSb islands [206].
During growth, these GaSb islands have been shown to have near 100% 90° dislocations
[205]. However, as the growth continues and these islands coalesce, many of these 90°
dislocations turn into 60° dislocations. In order to minimise this effect, island growth and
coalescence must be minimised and larger area, layer growth must be encouraged. There
are a few factors which determine how “island like” the growth will be. A large factor is the
surface roughness of the GaAs layer before GaSb growth. A substrate with high surface
roughness contains many nucleation points for island growth and will therefore create an
IMF dominated by 60° dislocations. Therefore, achieving a GaAs surface with as low a
roughness as possible is fundamental in minimising 60° dislocations formation.

As well as the roughness of the surface, it is important to control which atom is on the
surface. Generally, in the growth of GaAs, As overpressure is used which creates an As rich
surface. In order to create a growth as close to a single monoatomic layer as possible, a Ga-
rich surface is desirable. If a surface is perfectly smooth and Ga-rich, a flux of the correct
amount of Sb atoms would theoretically form a single monolayer of GaSb resulting in an IMF
consisting of majority 90° dislocations akin to the individual islands. Therefore, growth
conditions that get as close to this idealised monolayer growth are desired. Once the GaSb is
grown, the InAs/InAsSb T2SL can be grown and fabricated in the same way as in chapter 6.

The MOCVD growth was performed in an Aixtron Close Coupled Showerhead reactor. The
precursors used were trimethylindium (TMIn), tertiarybutylarsine (TBAs), triethylgallium
(TEGa), triethylantimony (TESb), disilane (Si2He) and diethylzinc (DEZn), with hydrogen used
as the carrier gas. The device structure was grown on a 2-inch undoped GaAs (001)
substrate, with the reactor pressure kept at 100 mbar.
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6.2.1 Growth of GaSb on GaAs

In order to create growth conditions that maximise the number of 90° dislocations, a growth
switching sequence was developed in order to create a Ga-rich GaAs surface and as close to
monolayer growth of GaSb as possible, as shown in Fig. 7.2.
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Fig. 6.2. MOCVD growth timeline of the growth of GaSb onto a GaAs substate. Showing the
growth interruption stages used to promote a 90° dislocation dominated IMF between the
GaAs and GaSb.

As shown in Fig. 6.2, the growth starts with a thin 100nm layer of GaAs in order to try and
smooth the surface ready for the IMF formation. The GaAs was grown at 645°C with a V/IlI
ratio of 21. After the GaAs growth, a 40 second As desorption step was used to create a Ga-
rich GaAs surface. After the Ga-rich surface was formed, a 30 second Sb soaking step was
used to try to create the first layer of GaSb as monolayer like as possible. Once the switch
from GaAs growth to GaSb growth was complete, a 500nm GaSb layer was grown.

The first parameter that was investigated was the GaSb V/Ill ratio. Four samples were grown
at a surface temperature of 530°C with V/IIl ratios ranging from 2 to 1.3. The AFM scans of
these samples are shown in Fig. 6.3.
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Fig. 6.3. AFM scans of 500nm GaSb grown on GaAs substrates at 530°C with varying GaSb
V/IIl ratios.

As shown in Fig. 6.3, higher GaSb V/Ill ratios seem to cause this surface striping along the [1-
10] plane which increases surface roughness. This striping is reduced when the GaSb V/Ill is
reduced to 1.3. However, when the GaSb V/IIl is reduced to 1.3, the striping is replaced by
20nm deep surface pits which increase the surface roughness once again. The GaSb V/IlI
ratio with the lowest surface roughness was 1.5. In order to further improve the surface, the
growth temperature was reduced to 510°C, as shown in Fig. 6.4.
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Fig. 6.4. AFM scan of 500nm GaSb grown on GaAs substrates at 510°C with a GaSb V/IlI ratio
of 1.5.

When the growth temperature was reduced to 510°C from 530°C the surface roughness was
reduced from 3.7 to 1.8nm. At 510°C there was no evidence of surface striping or surface
pits. Whilst this surface roughness is still a lot higher than a standard GaSb substrate, it was
deemed sufficient to investigate InAs/InAsSb integration.

After an appropriate growth temperature and V/IIl ratio were established, TEM was used to
investigate the interface and to characterise the misfit dislocation types, as shown in Fig.
6.5.
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Fig. 6.5. High resolution TEM image of the interface between the GaAs and GaSb layers
showing the misfit dislocations that form the interfacial misfit array.

The spacing of the misfits was found to be 5.5 nm which indicates one misfit for every 14
GaAs or 13 GaSb lattice sites and aligns well with previously reported results [207]. Burgers
circuit analysis [208] was performed on 65 different misfit dislocations across the IMF, as
shown in Fig. 6.6.
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Fig. 6.6. Burgers circuit analysis on the misfit dislocations in the high resolution TEM image
of the interfacial misfit array.

45 of the misfit dislocations in the IMF were identified as 90° dislocations and 20 were
identified as 60° dislocations. This means that 70% of the misfit dislocations in the IMF were
90° dislocations indicating that the IMF consists of a large majority of 90° dislocations.

Electron channelling contrast imaging (ECCI) was used to verify the effectiveness of the IMF
in reducing the threading dislocation density (TDD) at the surface of the GaSb, as shown in
Fig. 6.7.

Fig. 6.7. Electron channelling contrast imaging (ECCI) image of the surface of the GaSb
grown on GaAs substrates.
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A total surface area of 100 um? was analysed and a TDD of 4.1x108+ 0.6x108 / cm? was
found at the surface of the GaSb. Considering the large mismatch between GaSb and GaAs
and the relatively thin 500nm GaSb growth, this TDD is quite good. There are examples of
lower TDD for MBE grown GaSb on GaAs, but they generally use much thicker GaSb layers of
around 3-6um or implement more complex dislocation filtering in order to achieve their
lower TDD [202,209].

6.2.2 MWIR InAs/InAsSb T2SL detectors on GaAs

Once the growth of GaSb on GaAs was established, the next step was to grow a InAs/InAsSb
PIN detector. In order to achieve a fair comparison, an InAs/InAsSb T2SL PIN was grown
simultaneously on both a GaSb substrate as well as the 500nm GaSb on GaAs buffer
structure. The InAs/InAsSb PIN structure was grown and fabricated in the same way as the
detector in chapter 5. Unsurprisingly, the high roughness from the GaSb on GaAs shown in
Fig. 6.4, translated to a high roughness on the PIN structure on GaAs, as shown in Fig. 6.8a.

GaSb substrate GaAs substrate
(a) RMS =0.27nm (b) RMS =6.34nm
Fu WEp = ; g T 1.17 nm [ 23.0 nm
15.0
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Fig. 6.8. AFM scans of the InAs/InAsSb T2SL PIN detector on both (a) GaSb substrates and (b)
GaAs substrates.

XRD was also used to confirm the lattice match between the InAs/InAsSb T2SL and the GaSb
buffer layer, as shown in Fig. 6.9.
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Fig. 6.9. Omega 2 Theta XRD scans of the full InAs/InAsSb T2SL PIN device sample grown on
a GaAs substrate with a 500nm GaSb buffer layer.

Although Fig. 6.9 shows that the InAs/InAsSb T2SL was usefully grown lattice matched to the
GaSb buffer layer, the high levels of threading dislocations have seemed to continue into the
T2SL causing a large increase in the FWHM of the first satellite peak. The FWHM of the first
satellite peak has increased from 22 arcsec to 126 arcsec when comparing the devices
grown on GaSb and GaAs.

In order to investigate how this increase in threading dislocations affects the device
performance, electrical and optical characterisation of the device on GaAs was performed
and compared to the device on GaSb substrates.
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Fig. 6.10. Dark current density (/) versus voltage for a 300um diameter InAs/InAsSb T2SL
PIN detector grown on a GaAs substrate at 77K.

Unfortunately, due to time constraints it was difficult to get electrical measurements above
77K for the InAs/InAsSb T2SL PIN detector grown on a GaAs substrate. At 77K the PIN device
grown on GaAs did not exhibit the same rectifying shape shown in Fig 6.10, which is
generally associated with a PIN diode.

It appears as though the tunnelling dislocations have created conduction pathways through
the depletion zone creating a photoconductive detector instead of a photovoltaic one. This
has also led to a large increase in dark current density at -0.1V, with the device grown on
GaSb having a dark current density of 7.9x10® A/cm? whereas the device grown on GaAs has
a dark current density of 2.1x10°3 A/cm?. This increase in dark current density by a factor of
265 will naturally have a large effect on the device’s detectivity. Unfortunately, there is very
little literature examining MWIR InAs/InAsSb detectors grown on GaAs so it is difficult to
assess how good or bad this result is. The dark current densities were then also compared to
the different detector types grown on native substrates available in literature, as seen in Fig.
6.11.
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Fig. 6.11. Comparison of the dark current densities for the InAs/InAsSb PIN detectors in this
work grown on GaAs and GaSb substrates compared to the values in literature for: Barrier-
based InAs/GaSb [4-7,113,114,71,115,116,8,117-119,9,10,120,11-14,121,15,122,16,123],
Non-Barrier InAs/GaSb [124,20,125-127,21,128,17,22,23,129-135], Barrier-Based
InAs/InAsSb [136,27-29,40,42,137-139,30,140,141] and Non-Barrier InAs/InAsSb detectors
[32,47,33-35,142,36]. As well as MCT detectors [143,144] and the “Rule 07” line [48].

When compared to the different detector types grown on native substrates available in
literature, the dark current performance of the InAs/InAsSb PIN grown on GaAs does appear
to be quite poor. This poor dark current implies that the theoretical defect tolerance [58] of
the InAs/InAsSb T2SL is not able to improve the electrical performance. For the InAs/InAsSb
PINs grown on GaAs substrates it would be reasonable to conclude that the high threading
dislocation density was detrimental to the electrical performance of the detectors.

It is possible however, that the theoretical defect tolerance [58] of the InAs/InAsSb T2SL is
still relevant for the optical properties of the T2SL. To investigate this optical defect
tolerance, the device was characterised optically in the same way as the device on GaSb in
section 5.3.2. The responsivity of the MWIR InAs/InAsSb PIN detectors on both GaAs and
GaSb is shown in Fig. 6.12.
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Fig. 6.12. Plot of responsivity against wavelength for the InAs/InAsSb PIN detectors grown
GaAs and GaSb substrates at 77K.

Surprisingly, the responsivity of the InAs/InAsSb PIN detector grown GaAs was higher than
the responsivity of the same detector grown on GaSb. The peak responsivity for both
substrates occurred at 3.8 um. The peak responsivity was 2.04 A/W for the sample grown on
GaAs and 1.83 A/W for the sample grown on GaSb. It is likely that this discrepancy is caused
by device to device variation. It could be possible that the threading dislocations are
enhancing the responsivity by providing conduction channels and making the device more
photoconductive than photovoltaic. Either way, it is clear from Fig. 6.12 that there is no
major reduction in responsivity when going from the detector on GaSb to the detector on
GaAs. This consistency in responsivity between substrates seems to imply that the
InAs/InAsSb defect tolerance which involves the defect states existing above the conduction
band, is still relevant optically if not electrically. There appears to be no evidence that
conversion of incident photons into electron hole pairs is in any way inhibited by the high
threading dislocation density.

From the responsivity, the external quantum efficiency (EQE) was calculated using equation
2.10, as shown in Fig. 6.13.
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Fig. 6.13. Plot of EQE against wavelength for the InAs/InAsSb PIN detectors grown GaAs and
GaSb substrates at 77K.

The EQE at 3.8 um was 66.7% for the sample grown on GaAs and 59.3% for the sample
grown on GaSh. The EQE for these detectors is above the current state of the art for both
MOCVD and MBE grown MWIR T2SLs detectors, as shown in Fig. 6.14.
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Fig. 6.14. Comparison of the EQE from the InAs/InAsSb PIN detectors in this work grown on
GaAs and GaSb substrates compared to the values found in literature for MWIR MCT
[143,147,148], Barrier-based InAs/GaSb [6,7,71,113-115], Non-Barrier InAs/GaSb [20,124—
126,149], Barrier-Based InAs/InAsSb [30,140,141] and Non-Barrier InAs/InAsSb detectors
[33-35,142].

The detectivity of each detector was then calculated using the responsivity, dark current
density and resistance area product using equation 2.11, and is shown in Fig. 6.15.



—

()
-
w

— 77K GaShb

\;._ — 7K GaAs
N

:TEI 1012 N

3

b 11

510

0

Q

(b

O

. . — N
35 40 45 5.0 5.5

Wavelength (jum)

<
<

1

Fig. 6.15. Plot of Detectivity against wavelength for the InAs/InAsSb PIN detectors grown
GaAs and GaSb substrates at 77K.

As expected, the poor dark current density greatly reduced the final detectivity of the
InAs/InAsSb PIN detector grown on GaAs. The detectivity at 3.8 pum was 1.14x10'%2 cm
Hz1/2/W for the detector grown on GaSb and 7.44x10° cm Hz2/W for the detector grown
on GaAs. Interestingly, despite not being state-of-the-art, the high responsivity results in a
detectivity value of 7.44x10%° cm Hz2/W, which is quite comparable to many other MWIR
detectors grown on native substrates, as illustrated in Fig. 6.16.
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Fig. 6.16. Comparison of the detectivities from the InAs/InAsSb PIN detectors in this work
grown on GaAs and GaSb substrates compared to the values in literature for MCT [2,3],
Barrier-based InAs/GaSb [4-19] , Non-Barrier InAs/GaSb[9,12,17,20-26], Barrier-Based
InAs/InAsSb [27-31] and Non-Barrier InAs/InAsSb detectors [32—37]. The “Rule 07” line is
added as a reference and is calculated from the rule 07 dark current density line with the QE
of the MCT detectors assumed to be 75%.

The high threading dislocation density resulting from the significant mismatch between
GaAs and GaSb substrates has clearly been detrimental to the performance of the
InAs/InAsSb T2SL PIN. The detectivity of the InAs/InAsSb T2SL PIN was reduced by a factor of
15 due to the GaAs substrate. While this work serves as a good proof of concept, further
efforts to reduce the threading dislocation density are necessary to close the performance
gap between detectors on GaAs and GaSb.

Introducing thicker GaSb buffers with dislocation filtering layers has been shown to further
reduce threading dislocation density [202,209], and may be required for the proper
integration of the InAs/InAsSb T2SL with GaAs substrates. There is also significant room for
optimisation within the IMF formation. Parameters such as temperature, flow, reactor
pressure, timing and even the GaAs growth conditions can be further refined to promote
the formation of 90° dislocations within the IMF. While it is interesting that these results
suggest the InAs/InAsSb T2SL is optically defect tolerant, there appears to be no evidence
for a mechanism of electrical defect tolerance within the InAs/InAsSb T2SL.
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6.3 Growth of InAs/InAsSb T2SLs on Si

Si substrates provide even stronger economic arguments than GaAs. However, this
advantage comes with greater challenges, including a larger 12% lattice mismatch and the
complexity of managing APDs when growing polar V/IIl materials on non-polar Si. MBE
growth of InAs/InAsSb T2SLs on Si substrates has been demonstrated via the use of AlSb
islands at the Si-GaSb interface [210]. However, it is very difficult to grow AISb using
standard MOCVD techniques as previously mentioned. This work provides the first
demonstration of MOCVD growth of a InAs/InAsSb T2SL on Si [1].

In order to integrate the InAs/InAsSb T2SL with Si substrates a buffer scheme was designed,
as shown in Fig. 6.17.

500nm INAS/INASSb-T2SL
500nm Gash

200nm
500nm

Fig. 6.17. Schematic diagram of the InAs/InAsSb type-Il superlattice grown on Si using the
GaSb/GaAs/Si buffer layer structure [1].

The MOCVD growth was performed using the same reactor and precursor gases, as
described in 7.2. The (001) Si substrates used had a 0.8° offcut and were annealed at 815°C
for 15 minutes prior to GaAs nucleation to promote a diatomic-stepped surface to prevent
antiphase domain formation caused by the polar/non-polar interface [211,212].

After the annealing, GaAs was grown using a two-step growth method comprising of a low
temperature nucleation layer at 375°C and a higher temperature growth at 550°C. The V/IlI
ratio of the GaAs was 21. A 10 period Ino1Gao.9As/GaAs strained layer superlattice (SLS) was
grown in the GaAs layer to act as a dislocation filtering layer. This SLS was followed by the
growth of GaSb onto the GaAs, in the same way as shown in Fig 6.2, where an IMF was
formed.

Once the buffer layer was grown, a 50 period InAs/InAsSb T2SL was grown on top. The
growth time for the InAs layers was 23 seconds and the growth time for the InAsSb layers
was 10 seconds. No growth interruption was used in the growth of the InAs/InAsSb T2SLs on
Si. AFM was performed after the growth of GaAs, GaSb and the final T2SL to monitor how
the surface changes after each growth step, as shown in Fig. 6.18.
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Fig. 6.18. AFM scans taken after the growth of (a) GaAs on Si, (b) GaSb on GaAs on Si and (c)
the final InAs/InAsSb T2SL grown on the full buffer structure.

As shown in Fig. 6.18, the surface roughness of the T2SLs grown on Si is quite high. This
seems to stem from the growth of GaSb on GaAs which is where the biggest increase in both
lattice mismatch and surface roughness occurs. It seems that a relatively rough GaAs on Si
growth is leading to a much rougher GaSb growth than what was observed on GaAs
substrates. After the AFM, X-ray diffraction (XRD) analysis was performed on the sample to
confirm its layer composition and to gain insights into its structure, shown in Fig. 6.19.
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Fig. 6.19. Experimental and simulated XRD data of the InAs/InAsSb T2SL integrated onto a Si
substrate.

The fitting in Fig. 6.19. was performed using Malvern Panalytical’s X’Pert epitaxy software.
The simulated structure used for the fitting matched was the same as the one shown in Fig.
6.17. The composition of the InAsSb using in the fitting was InAso 72Sbo 2s.

From the XRD fitting, the GaSb was found to be 101% relaxed and the GaAs 104% relaxed
implying there was a small in-plane tensile strain. This over relaxation was attributed to the
mismatch of thermal expansion coefficients. While the sample was cooling down from
growth temperature to room temperature, the lattice of GaAs and GaSb shrunk faster than
Si, producing this residual tensile stress. The thicknesses of the T2SL layers were found to be
16 ML for the InAs layer and 5 ML for the InAsSb layer. The composition of the grown InAsSb
was found to be InAso.72Sbo .2s.

Unsurprisingly, the large mismatch has resulted in a much larger FWHM of the T2SL 1t
satellite peak. The FWHM has increased from 22 arcsec on GaSb to 272 arcsec on Si. This
FWHM increase is indicative of a high dislocation density which will be investigated with
TEM and ECCL.

Cross-sectional TEM was used to examine the buffer layer structure and to investigate the
IMF. The TEM results show a clear reduction in defect density from the Si/GaAs interface up
to the T2SL, as can be seen in Fig. 6.20. Fig. 6.20 also shows clear examples of the SLS
bending the threading dislocations parallel to the SLS preventing them from travelling up
into the T2SL.
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Fig. 6.20. Cross-sectional TEM image of the whole T2SL on Si structure, showing a reduction
in dislocation density from the GaAs/Si to the T2SL.

The T2SL itself was then directly investigated via TEM, as shown in Fig. 6.21, with distinct
layers observed.

~100nm

Fig. 6.21. Cross-sectional TEM image of the T2SL on Si buffer layer structure, showing
distinct stripes indicative of high quality T2SL growth.

The GaSb/GaAs hetero-interface and the formation of the IMF was confirmed in Fig. 6.22.
The spacing of the misfits was found to be 5.6 nm which aligns well with previously reported
results [207].
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Fig. 6.22. High resolution TEM image of the interface between the GaAs and GaSb layers
showing the misfit dislocations that form the Interfacial misfit array.

Higher resolution TEM was then used to verify the nature of the IMF in the same way as Fig.
6.6. Burgers circuit analysis [208] was performed on 66 different misfit dislocations across
the IMF, 34 of which were identified as 90° dislocations and 32 of which 60° dislocations.
This gave a 90° dislocations percentage of 52%, which is notably lower than the IMF grown
on GaAs substrates. This difference is attributed to the higher surface roughness and
dislocation density of the GaAs on Si in comparison to the native GaAs substrate. Further
optimisation of the 2-step GaAs buffer and the Ino.1Gao.sAs/GaAs DFL could lead to an
improvement of the GaSb/GaAs interface of the buffer layer structure.

To quantify threading dislocation densities, ECCI was performed on both the GaSb buffer
layer and the complete T2SL structure on Si, as seen in Fig. 6.23.

(a)

(b) Fig. 6.23.

s
|

Electron channelling contrast image of the (a) GaSb surface before T2SL growth and (b) the
final T2SL surface.

A total surface area of 120 um? was analysed and a TDD of 8.8x108+ 0.6x108 / cm? was
found at the surface of the GaSb before the T2SL growth and a TDD 6.7x10% + 0.5x108 / cm?
was found at the surface of the T2SL. As expected, the larger lattice mismatch combined
with a higher percentage of 60° dislocations in the IMF has resulted in a higher TDD than the
GaSb grown on GaAs substrates. Whilst this TDD is higher than 3x107 / cm? which is the
current best result from GaSb grown on Si by MBE, the current state of the art uses a much



thicker 4um buffer with more DFLs [210] which naturally increase growth time and
therefore cost. As with the growth of GaSb on GaAs substrates, further reduction of
dislocation density by implementing more DFLs within the GaSb layer is possible.

FTIR spectroscopy was used to characterise the photoluminescent performance of the T2SL
from 77 Kto 300 K, as shown in Fig. 6.24. The T2SL exhibited strong PL characteristics with a
FWHM of 50 meV at a peak wavelength of 4.5 um at 77 K. The FWHM was slightly higher
than the 26meV which has been observed in MBE grown T2SL structures on GaSb [45]. This
increase in FWHM is assumed to be caused by the higher dislocation density from GaSb
buffers on Si.
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Fig. 6.24. Temperature dependent PL data of the InAs/InAsSb T2SL on Si. The dip at 4.3 um
is caused by CO; absorption in the FTIR.

As shown in Fig. 6.25, a temperature dependent redshift of -0.06 + 0.003 meV/K was
observed which is very similar to previous reports of MBE grown T2SL structures on GaSb
substrates [213].
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Fig. 6.25. Plot showing the temperature dependent redshift of the T2SL.

An Arrhenius plot was created from the temperature dependent PL data to calculate the
activation energy of the non-radiative recombination processes to give an indication of the
T2SL quality, as shown in Fig. 6.26. The fitting was done using the single-channel non-
radiative recombination Arrhenius equation:

I(T) = —2— (6.1)
1+ce KBT
where [(0) is the integrated PL intensity when the temperature of the T2SLis 0 K, C is a
constant, Ky is the Boltzmann constant, T is the temperature and E, is the activation
energy of the non-radiative recombination process. The activation energy was found to be
51meV between 200-300 K and 19 meV between 100-200 K. These activation energies are
comparable to those grown via MBE on native GaSb substrates [214].
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Fig. 6.26. Arrhenius plot of the temperature dependent performance used to calculate the
activation energy at different temperature ranges.



6.4 Summary

The growth temperature and GaSb V/IIl ratio were investigated to achieve GaSb growth on
GaAs substrates with a surface roughness of 1.8 nm RMS. Surface roughness was highly
sensitive to variations in both growth temperature and the GaSb V/IIl ratio, with higher V/IlI
ratios leading to significant surface striping. The temperature and GaSb V/IlI ratio which
gave the best GaSb growth on GaAs were 510°C and 1.5.

As desorption and Sb soaking steps were employed to form an IMF with 70% 90° misfit
dislocations, resulting in a surface TDD of 4.1x10% + 0.6x10% / cm? for 500nm of GaSb grown
on a GaAs substrate with no dislocation filtering layers. While there are examples of lower
TDD for MBE grown GaSb on GaAs, these involve much thicker GaSb layers of around 3-6um
or implement more complex dislocation filtering in order to achieve their lower TDD
[202,209].

An InAs/InAsSb PIN photodetector with a 100% cutoff wavelength of 5.25um was then
successfully grown on the GaAs substrates. The high dislocation density resulted in a high
dark current density of 2.1x103 A/cm? at 77K. Despite this, the dislocation density did not
seem to hinder the device’s optical performance. The peak responsivity was 2.04 A/W at
3.8um, resulting in a peak EQE of 66.7%. This EQE surpasses the current state-of-the-art for
both MOCVD and MBE-grown MWIR T2SL detectors on any substrate. The detectivity at 3.8
um was 7.44x10%° cm HzY2/W for the PIN grown on GaAs. Although not state-of-the-art, the
high responsivity results in a detectivity value that is quite comparable to many other MWIR
detectors grown on native substrates.

The InAs/InAsSb T2SL was also integrated onto Si substrates via the use of a 1.5um thick
GaSb/GaAs/Si buffer structure. The increased lattice mismatch of the Si substrate led to
higher roughness in the GaAs, resulting in the IMF having 52% 90° dislocations. The surface
roughness of the top of the buffer was 5.8nm and the TDD was 8.8x10% + 0.6x108 / cm?.
Despite the high roughness and TDD, photoluminescent results of the T2SL were very
comparable to MBE grown T2SL structures on GaSb [45]. The photoluminescent results
further support the resilience of the InAs/InAsSb T2SL to defects affecting its optical
performance.



Conclusions and Future work

7.1. LWIR Detectors made from InAs/GaSb T2SLs

7.1.1 Conclusion

An InAs/GaSb T2SL photodetector with a cutoff wavelength of 13.5 um and a peak
detectivity of 4.43x10%° cm Hz2/W at 77K was grown via MOCVD. The detectivity of these
detectors is on par with deep etched detectors grown by MBE at similar cutoff
wavelengths. This detectivity indicates that MOCVD is a feasible alternative to the well-
established MBE method for growing InAs/GaSb T2SLs in LWIR FPA detectors.

Throughout this work, many different growth parameters including the growth
temperature, GaSb V/Ill ratio, and InAs V/IIl ratio were all investigated to enable the growth
of InAs/GaSb T2SLs with surface roughness less than 0.2 nm RMS, all lattice-matched to InAs
substrates. Surface roughness and morphology were found to be highly sensitive to changes
in both growth temperature and GaSb V/Ill ratio. The temperature and GaSb V/Ill ratio
which gave the best InAs/GaSb T2SLs were 510°C and 1.5.

By controlling the As flow, it was possible to grow InAs/GaSb T2SLs lattice-matched to InAs
substrates using “GaAs-like” interfacial layers via MOCVD. The wavelength of the InAs/GaSb
T2SL can be tuned by adjusting the InAs layer thickness. This technique demonstrated that it
is possible to grow InAs/GaSb T2SLs with wavelengths ranging from 4.5 to 12 um under the
same interface growth conditions. This technique eliminates the need for interfacial
recalibration when changing wavelengths, simplifying the growth design workflow
compared to MBE.

The T2SLs were fabricated into nBn detectors with a 100% cutoff at 13.5 um. Six different
devices were created using varied fabrication steps, investigating three parameters:
passivated vs. unpassivated, deep vs. shallow etching, and wet vs. dry etching. Surface
passivation with AZ3027 was shown to be successful in reducing surface-related dark
currents by up to 92%.

After demonstrating the effectiveness of surface passivation, shallow etched devices were
fabricated to compare their performance with deep etched devices. The shallow etched
devices exhibited lower dark current density than the deep etched devices, and surface
passivation remained beneficial for these shallow devices. Although the shallow detectors
outperformed the deep detectors, a trade-off exists between dark current reduction and
detector density within a FPA.

Due to this pixel spacing issue and the effectiveness of the surface passivation layer in
reducing the sidewall dark current of deep pixels, the deep etched pixels in this work were
considered superior to the shallow etched pixels for FPA applications.



The final fabrication parameter investigated was the etching mechanism, comparing dry vs.
wet etching. The wet etched devices exhibited lower dark current densities than the dry
etched devices. The passivated wet etched device had a dark current density of 2.2 x102 A
cm?, the lowest among all the devices in this study. However, this dark current density is
still relatively high compared to current state-of-the-art detectors. The high dark current
density appears to be caused by the formation of a depletion region within the nBn
structure due to the lack of doping control in the barrier and absorber regions.

The devices were then characterised optically. The peak external quantum efficiency (EQE)
of the detectors ranged from 54.4 to 44.9% which is exceptionally high for this wavelength
when compared to similar devices. This high EQE correlates with the depletion region
formation theory that caused the high dark current density.

The best performance was observed in the wet deep passivated detector with a peak
detectivity of 4.43x10%° cm HzY/2/W at 9 pm. This detectivity is very comparable to deep
etched detectors grown by MBE at similar cutoff wavelengths. This demonstrates that the
MOCVD technique can serve as a viable alternative to the more established MBE growth
method for InAs/GaSb T2SLs in LWIR FPA detectors.

7.1.2 Future work

The main limiting factor of the LWIR detectors in this work is the dark current density. There
are a many different methods to try and reduce the dark current density which could be
investigated in future work.

Surface passivation. AZ3027 was successful a reducing surface related dark currents,
however they were still very high. There are many other materials used for surface
passivation which could be investigated and compared to AZ3027 in order to find out which
is optimal for the InAs/GaSb T2SL. Possible surface passivation materials to investigate
include: SU-8, BCB, SixNy, SiO2, polyimide, and ammonium sulphide. Although many of these
materials have been investigated in previous work, many results are not fully conclusive and
there is still space to investigate what is the optimum surface passivation material for
InAs/GaSb T2SLs.

Doping control. Even with theoretically perfect surface passivation, the dark current in the
LWIR detectors would still be constrained by high bulk dark current. This elevated dark
current appears to stem from the formation of a depletion region within the nBn structure,
as both the barrier and absorber were left unintentionally doped to simplify the device
design. This unintentional doping likely resulted in different doping levels in the barrier and
absorber regions due to their varying InAs layer thicknesses.

One way to quickly improve the doping alighnment between the barrier and absorber would
be to intentionally dope the barrier layer more n-type. This doping control should better
align the doping levels, minimizing the size of the depletion region within the absorber. If
successful, this would confirm the hypothesis that the bulk dark current is caused by this
depletion region. A more in-depth study could then be conducted to more accurately
control and align the doping levels.



However, it is possible that the removal of the depletion region may reduce the EQE of the
detector, necessitating a trade-off between EQE and dark current.

Different device designs. The nBn device design was selected for its relative simplicity, but
other designs have demonstrated lower dark current density. The primary alternative is the
complementary barrier infrared detector (CBIRD) design [14], which uses both electron and
hole barriers to further reduce dark current compared to the nBn. The challenge with CBIRD
lies in growing a viable electron barrier for InAs/GaSb via MOCVD. To date, CBIRD has only
been grown using MBE. However, it might be possible to form an effective electron barrier
from the T2SL by adjusting the GaSb layer thickness. Although the potential height of this
barrier may be insufficient to function effectively, it is worth investigating.

Changing cutoff wavelength. Dark current is inherently linked to cutoff wavelength, so if the
cutoff wavelength was made shorter the dark current would be reduced. If the target is to
optimise performance at around 9-10 um for human detection it is possible that a shorter
cutoff may result in an improved detectivity. Although a shorter cutoff may reduce the EQE
at the desired wavelength range, the gains in dark current reduction may be worth the
trade.

7.2 MWIR Detectors made from InAs/InAsSb T2SLs

7.2.1 Conclusion
An InAs/InAsSb T2SL MWIR detector was grown and fabricated with a cutoff wavelength of
5.5um and a peak detectivity of 1.14x10'2 cm HzY2/W at 77K.

The InAs/InAsSb T2SL was found to be very sensitive to growth temperature. Increasing the
growth temperature beyond 460°C led to an increase in surface roughness, so 460°C was
deemed to be the maximum growth temperature for the InAs/InAsSb T2SL. To improve
surface roughness and quantum efficiency of the detector, a growth interruption step was
introduced after each InAs and InAsSb layer. This growth interruption was very successful at
improving interface quality, indicated by a reduction in the first satellite peak FWHM from
134 to 38 arcsecs, which is very comparable to state-of-the-art MBE results. The growth
interruption also nearly halved the surface roughness of the T2SL from 0.42 to 0.25 nm.

A 2500 nm thick PIN device was then grown using these growth parameters and fabricated.
The fabrication consisted of a deep wet etch and surface passivation from AZ3027, as used
in the InAs/GaSb device fabrication. The detectors were found to have very comparable
dark current densities to both the current MOCVD-grown MWIR detectors and the other
MBE-grown MWIR detectors at both 77K and 150K. At 77K, the InAs/InAsSb PIN diode had a
dark current density of 7.9x10°® A/cm?2. At 150K the InAs/InAsSb PIN diode had a dark
current density of 1.1x10°3 A/cm?. Current state-of-the-art dark current densities for
MOCVD-grown InAs/InAsSb non-barrier detectors at this wavelength and bias are around
5x10®A/cm? at 77K [33] and 1.5x1073 A/cm? at 150K [47]. However, the lack of a barrier
seems to prevent these MOCVD-grown PINs from reaching the true state-of-the-art dark
current performance achieved by MBE-grown devices, especially at 150K. The peak EQE of
the detector was 59.3% at 77K and 62.5% at 150K, and the cutoff wavelength was between
5.25 and 5.5 um. The EQE for these detectors is above the current state-of-the-art for both



MOCVD and MBE-grown MWIR T2SL detectors. This high EQE provides further evidence of
the high-quality interfaces produced via the growth interruption technique.

The detectivity at 3.8 pm was 1.14x10%2 cm Hz/2/W at 77K and 1.00x10* cm HzY/2/W at
150K. Current state of the art detectivity for MOCVD grown InAs/InAsSb non barrier
detectors at this wavelength are around 3x10'2 cm Hz¥2/W at 77K [33] and 1.2x10% cm
Hz2/W at 150K [47]. These detectivity values are also somewhat competitive with the
current MBE results. The main discrepancy is caused by the higher dark current due to the
lack of barrier. This provides good evidence that MOCVD grown InAs/InAsSb T2SLs are a
viable technology for MWIR photodetectors even if they are currently restricted to non-
barrier-based architecture. Although the development of viable MOCVD-based barrier
solutions might hinder the InAs/InAsSb PIN from achieving state-of-the-art performance, the
significant economic advantages of MOCVD over MBE, along with the scalability benefits of
T2SLs compared to MCT, could be considered more beneficial overall, even with the
performance limitations.

7.2.2 Future work
As with the LWIR detectors, the main limiting factor for the MWIR InAs/InAsSb detectors is
dark current. Therefore, the future work also focuses on reducing dark current density.

Surface passivation. The same surface passivation conclusions apply to both the
InAs/InAsSb as well as the InAs/GaSb detectors. Possible surface passivation materials to
investigate include: SU-8, BCB, SixNy, SiO2, polyimide, and ammonium sulphide. It is likely
that the optimal surface passivation material is different for each T2SL and so the future
work of optimising the surface passivation should be done for both InAs/InAsSb and
InAs/GaSb T2SLs.

Size of “I” region. The size of the intrinsic (I) region in a PIN diode effects both the EQE and
the dark current of the device. In order to maximise EQE, a relatively large 1.5 um | region
was used. However, this large | region may have been responsible in the higher dark
current. Investigating exactly how the size of the | region impacts both the EQE and dark
current for these devices would allow for an optimal size to be calculated. This should lead
to a device with improved detectivity.

Growing barriers. The main design constraint of the InAs/InAsSb is the lack of easy Al-free
barriers, which can be used to grow barrier-based device designs which have reduced dark
current. In order to overcome this constraint, the MOCVD growth of AlSb based materials
must be investigated. A possible solution is to use more novel precursors such as TTBAI or
DMEAI which crack at lower temperatures to the standard TMAI allowing for AISb to be
grown at lower temperatures. In the past this approach has suffered from the novel
precursors being lower purity, however there may be justification to revisit this approach as
the precursor purification process is continually optimised. They may also be scope for
growth of AISb using TMAI. It is possible that if the barrier is thin enough, the benefits of the
barrier may outweigh the performance degradation caused by the unintentional carbon and
oxygen incorporation.



7.3 Growth of InAs/InAsSb T2SLs on non-native Substrates

7.3.1 Conclusion
The InAs/InAsSb T2SL was successfully integrated onto both GaAs and Si substrates.

An InAs/InAsSb PIN photodetector with a 100% cutoff wavelength of 5.25um and a
detectivity of 7.44x10° cm Hz2/W at 77K was grown on GaAs substrates.

To achieve GaSb growth on GaAs substrates with a surface roughness of 1.8 nm RMS, the
growth temperature and GaSb V/Ill ratio were investigated. Surface roughness was found to
be highly sensitive to variations in both growth temperature and the GaSb V/Ill ratio, with
higher V/IIl ratios resulting in significant surface striping. The temperature and GaSb V/IlI
ratio which gave the best GaSb growth on GaAs were 510°C and 1.5.

As desorption and Sb soaking steps were employed to form an IMF with 70% 90° misfit
dislocations, resulting in a surface TDD of 4.1x10% + 0.6x10% / cm? for 500nm of GaSb grown
on a GaAs substrate with no dislocation filtering layers. While there are examples of lower
TDD for MBE grown GaSb on GaAs, these involve much thicker GaSb layers of around 3-6pum
or implement more complex dislocation filtering in order to achieve their lower TDD
[202,209].

The high dislocation density resulted in a high dark current density of 2.1x103 A/cm? at 77K.
However, this high TDD did not significantly impact the device’s optical performance he
peak responsivity was 2.04 A/W at 3.8 um, yielding a peak EQE of 66.7%, which exceeds the
current state-of-the-art for both MOCVD and MBE-grown MWIR T2SL detectors on any
substrate. The detectivity at 3.8 pm was 7.44x10%° cm HzY2/W for the PIN grown on GaAs.
Although not state-of-the-art, the high responsivity leads to a detectivity value that is quite
comparable to many other MWIR detectors grown on native substrates.

The InAs/InAsSb T2SL was also integrated onto Si substrates using a 1.5 um thick
GaSb/GaAs/Si buffer structure. The increased lattice mismatch of the Si substrate led to
higher roughness in the GaAs, resulting in the IMF having 52% 90° dislocations. The surface
roughness of the top of the buffer was 5.8nm and the TDD was 8.8x10% + 0.6x10%/ cm?.
Despite the high roughness and TDD, photoluminescent results of the T2SL were very
comparable to MBE grown T2SL structures on GaSb [45]. These photoluminescent results
further support the resilience of the InAs/InAsSb T2SL to defects affecting its optical
performance.



7.3.2 Future work

The main challenge for the growth of InAs/InAsSb T2SLs on both GaAs and Si substrates is
one of dislocations. The buffer structures used in this work were kept relatively simple,
however, adding additional defect filtering layers should result in a reduction in threading
dislocation densities. Additionally, there is still plenty of scope for further optimisation in
both the growth of GaSb on GaAs and GaAs on Si.

Dislocation filtering layers in the GaSb. Whilst in the IMF is able to greatly reduce the TDD
caused by the GaSb/GaAs interface, there is still a high number of threading dislocations
created. GaSb/AISb dislocation filter superlattices have been shown to effectively reduce
the TDD of MBE grown GaSb on Si [210]. Whilst the growth of high quality AlSb is
challenging via MOCVD, this may not be a problem since the AISb will all be contained in the
buffer layer, far from the device. This defect filtering technique could therefore be
transferred into this work, helping to reduce TDD.

Further optimisation of the growth of GaSb on GaAs. An optimised IMF growth sequence is
vital for low TDD GaSb on GaAs. The timings and temperatures of the IMF growth sequence
were not fully optimised with respect to the percentage of 90° dislocations within the IMF.
With more time there could be further increases to the number of 90° dislocations within
the IMF resulting in a lower TDD.

Further optimisation of the growth of GaAs on Si. An optimal IMF requires a smooth GaAs
surface. Therefore, if the GaSb/GaAs/Si buffer layer is to minimise its TDD, the growth of
GaAs on Si needs to be optimised. There is still space to further optimise the Si surface
preparation and GaAs growth conditions in order to minimise the GaAs surface roughness.
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