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Abstract

This thesis aims to explore the application feasibility of type Il InGaAs/GaAsSb superlattice
(T2SL) based on InP substrate epitaxial growth in extended shortwave infrared (e-SWIR) light
detectors with a cut-off wavelength of more than 2.5 um. The device structure was analysed
by high-resolution X-ray diffraction (XRD), and the results showed that the superlattice had
good crystallization quality and layer periodicity. Photoluminescence (PL) experiments further
revealed the bandgap properties of the absorbing layer, with emission wavelengths consistent
with the designed cut-off wavelength. The prepared PIN light detector exhibited a wide
spectral response in the range of 2.25 to 6 um, with a peak response between 1-1.5 um, and
its cut-off wavelength was consistent with the PL results, demonstrating the effectiveness of
the type Il InGaAs/GaAsSb SL absorbing layer. Compared to commercial devices, the best
performing device in the A1769 wafer exhibited higher photo response intensity, but the
response curve has slight fluctuations, which may be due to insufficient material uniformity.
These results indicate that InP-based type-ll InGaAs/GaAsSb superlattices have application
potential in high-sensitivity e-SWIR light detectors, but they still need to be further optimized

in terms of material uniformity and device fabrication process.
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Chapter 1 Introduction

1.1 Overview

Over the decades, optoelectronics operating in the shortwave infrared (SWIR) band in the
range of 0.78 um to 3 um, have attracted increasing attention due to their applications in a
wide range of important fields, for instance, night imaging!¥, optical fiber communication?,
gas detection®!, and biomedical diagnostics!“®. Particularly, the SWIR is a powerful optical
tool in biomedical applications, because of its deep penetration into biological tissues and the
strong correlation with metabolic biomarkers, such as the detection of water, protein, glucose,

p0,, pCO; and lactate, and monitoring them can provide a solid foundation(®.

As key components in SWIR detection systems, infrared photodetectors have undergone
decades of development across numerous materials platforms and technological approaches.
HgCdTe (MCT), as one of the most promising semiconductors, has enabled photodetectors
with high performance in terms of detectivity and tunable responsive spectral bands (from
SWIR to long-wavelength IR). However, this material suffers from several challenges such as
expensive costs, high toxicity of precursors,”! poor uniformity!®, which yield in complexity in
material growth and device manufacturing process hence difficulty for larger area focal plane
array manufacturing.®’Another promising candidate is Ill-V compound InGaAs which is lattice-
matched to InP substrates, which has been successfully developed for telecom uses. However,
the cut-off wavelength is restricted at 1650 nm due to its bandgap energy. In order to achieve
photodetection at longer wavelengths, efforts have been made to extend the cut-off
wavelength by increasing the Indium concentration within the InGaAs layer, leading to
wavelength-extended InGaAs detectors with a cut-off wavelength up to 2.6 pm.'° However,
the large lattice mismatch between InGaAs and the InP substrate remains a critical issue,
leading to the formation of a high density of dislocations that act as recombination centers and
thus deteriorate the detector characteristics. Recently, the detection of SWIR based on
InGaAs/GaAsSb type Il superlattices (T2SLs) on InP substrates has emerged as a promising
alternative,[* which has attracted the interest of many researchers.[!2l Extensive research
efforts have been devoted to extending the detection wavelength with improved performance.

In terms of devices and applications, InGaAsSb is relatively mature on GaSb substrates,



enabling high-performance mid-infrared lasers and low-dark-current detectors covering the
1.9-3.5 um wavelength range, which are widely used in gas sensing, infrared countermeasures,
and imaging®®. On the InP substrate, the operating bands (to 2-3 pm and beyond) are
expanded through buffer layers and strain engineering, and detectors and waveguide devices
compatible with InP photonic integrated circuits are demonstrated with the potential of mid-
infrared PICs ™. However, the main issues with GaSb platforms are cost and thermal
management, while InP platforms face challenges such as a high dislocation density and limited
wavelength expansion due to lattice mismatch. In this study, we aim to demonstrate the
feasibility of utilizing type-Il InGaAs/GaAsSb SL on InP for e-SWIR infrared photodetectors with

cut-off wavelength over 2.5 um.

1.2 Literature review on e-SWIR photodetectors

At present, the bulk materials commonly used for shortwave infrared detection are high-In
content InyGaixAs compounds. When the component of In is 0.53, Ings3Gao47As is lattice-
matched to the InP substrate, and has high responsivity in the spectral range of 0.9 um to 1.7
um, which completely covers the near-infrared band!®. However, when the indium (In)
composition exceeds 0.53, the lattice constant of the InxGaixAs compound increases, leading
to compressive strain between the InGaixAs layer and the InP substrate due to lattice
mismatch. If the In content is increased to 78%, the compressive strain between InyGai1«As and
InP substrates will reach about 1.7%.'® The dark current of the device increases rapidly with
increasing defect and dislocation density. In recent years, researchers have made considerable
efforts to reduce the dark current of high-In In-component InxGaixAs-based detectors. Zhang
Y-G, et al. from the Shanghai Institute of Microsystems, Chinese Academy of Sciences, designed
an In component step-type gradient InxAl1xAs buffer layer.'”) In 2015, Gu Yi et al. designed an
Ino.s3Gao.17As shortwave infrared detector with an InAs/InGaAs superlattice as the electronic
barrier, with a 50% cut-off wavelength of 2.61 um. 8 |In 2001, Hoogeveen, R. W, et al.
discussed the development of an extended wavelength InGaAs detector array for the
SCIAMACHY instrument for space-based spectroscopic analysis of the Earth's atmosphere. The
detector covers a spectral range of 1.0 to 2.4 um, enhancing the ability to monitor atmospheric

composition. lin 2021, Xuefei Li et al. used molecular beam epitaxy to study the growth of



extended wavelength InGaAs on a stepped InAsP buffer with undulating composition. They
found that this approach enhances the material properties of InGaAs, making it more suitable

for applications that require extended wavelength detection capabilities.

In recent years, researchers have also made a lot of efforts to study the use of extended-
Wavelength InGaAsSb in SWIR. In 2018, Hongyue Hao et al?%. reported an extended
wavelength InGaAsSb infrared unipolar barrier detector operating at room temperature. The
modified detector exhibited a detectivity (D*) of 2.2 x 10" cm-Hz2~W™" at 200 K, which
increased to 7.4 x 10" cm-HZz2W™" under optimized conditions. In 2025, Mamic, Katarina et al.
demonstrated that InGaAsSb enables bandgap tuning over the wavelength range of 1.7-3 um
through adjustment of the In/As composition, while maintaining high absorbance and high
quantum efficiency. When the indium content is low, InGaAsSb exhibits excellent performance,
such as low dark current and high detectivity (D*)[22]. A monopole barrier structure has been
designed to further improve SWIR performance by reducing dark current and increasing
detection rates. The dark current density was 2.29x10™ A/cm? at OV bias at 77K. At room
temperature the dark current at OV bias was 4 X103 A/cm? and the ROA reaching 44 cm?. In
2021, I. Shafirl?ll et al. reported a GaSb-matched molecular beam-epitaxy grown InGaAsSb p-n
photodetector lattice intended for extended SWIR detection. Under frontal illumination, the
photodetector exhibits a high quantum efficiency of 73% at room temperature, with a dark
current density of 2.9 x 107® A/cm? at 200 K and 4.6 mA/cm? at 300 K (-0.1 V bias). The

detection rate (D*) value

In addition, there have been some studies on Extended wavelength InAlAsSb in the SWIR range.
In 2021, J. F. Klem[?3 et al. reported the fabrication and characterization of AllnAsSb and InPAsSb
nBn infrared detectors with cut-off wavelengths ranging from 2.55 to 3.25 um at 200 K. The
detector exhibits an external quantum efficiency of 40-50% at 50 mV reverse bias with no anti-
reflection coating. The study highlights the potential of these materials to expand SWIR
detection. In 2024, Dong Xiaweil?* et al. demonstrated that integrating a fully dielectric
amorphous germanium photonic capture grating significantly improved the performance of
Al0.3InAsSb PIN photodetectors for extended SWIR applications, including enhanced quantum

efficiency and reduced dark current.

Sai-Halasz!*l et al. first reported the InGaAs/GaAsSb material system, lattice-matched to InP in
1977, and has since been recognized as a promising material for SWIR detection. In 2005, Sidhu
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et al.2®) demonstrated an InP-based photodiode using InGaAs/GaAsSb type-Il quantum wells,
exhibiting a peak detectivity of 3.8 x 10° cm-VHzW™ and a peak room-temperature
responsivity of 0.64 A/W at a wavelength of 2.26 um. It can be seen that the related research
about T2SLs has developed since its early development. In 2011, Baile Chen et al.?”) compared
two InGaAs/GaAsSb type-Il photodiodes, one with a strain-compensated absorption region and
the other with a lattice-matched absorption region. The devices exhibited optical responses up
to 3.4 and 2.8 um, with dark current densities of 9.7 and 1.66 mA/cm?, respectively, at 290 K

under -0.5 V reverse bias.

In recent years, researchers have focused on achieving extended-wavelength SWIR detection
while reducing dark current. Among them, researchers have made great efforts in performance
optimization and material engineering of detectors. Y. Uliel et al.?8have studied a T2SL layer
structure aimed for 2.4 um cutoff detection. They used a Zn diffusion process to form a shallow
p—n junction in the absorber and fabricated Mesa- and planar-type devices, which exhibited
dark currents of 1.5 and 1.2 mA/cm?, respectively, at 300 K under 50 mV. The best detectivity
(D*) was achieved at 0.1V, reaching 1.7 x 10" cm-VHz/W at 300 K and increasing to 1.7 x 10"
cm-VHz/W at 220 K. In 2022, Armando Gil and other partners explored optical and electrical
data by comparing the symmetric period thickness of 10 nm and 5.8 nm in p-i-n
photodetectors, and they found that smaller period thickness yielded substantially increased
quantum efficiency. They also found that T2SL absorber require a turn-on bias in order to
achieve good EQE characteristics with a bandgap wavelength of 2.1 um 2°1. In 2024, Yan Liang
et al. demonstrated an e-SWIR p-B-n photodetector which base on the InGaAs/GaAsSb type-Il
superlattice with AlpgsGao.1sAsSb barrier. These devices exhibit 50% and 100% cut-off
wavelengths of 2.1 um and 2.6 um respectively at 300 K. The device exhibits a specific
detectivity of 4.12x10'° cm-VHz/W at 2.1 um under -100 mV. For the complete lattice
matching with InP substrates and compatibility with InP processes, it’s a good way to further

improve optimization of the epitaxial quality to make it suitable for SWIR FPARC],

In addition to the application of InGaAs/GaAsSb with InP as substrate in SWIR, there are also
InGaAs/GaAsSb T2SL with GaSb as substrate. J. F. Klem!3! et al. investigated a GaAsSb/InGaAs
type Il bilayer quantum well structure grown by molecular beam epitaxy for use in long-

wavelength lasers on GaAs substrates. These structures exhibit room-temperature
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photoluminescence at wavelengths up to 1.43 um. Lasers with these active regions exhibit

threshold current densities as low as 120 A/cm? at 1.17 pm.

In recent years, avalanche photodiodes (APDs) have been continuously optimized in terms of
materials, structure, and integration technology. Traditionally, APD material systems include Si-
APDs, InGaAs/InP APDs, and HgCdTe APDs, with Si-APDs mainly used for visible light and
shortwave infrared (SWIR) detection. In 2012, Kirill A. Lozovoy? et al. reviewed the latest
advances in silicon-based avalanche photodiodes and discussed their potential applications in
biomedical imaging and other fields. InGaAs/InP APDs are commonly used for optical
communication (1.3—1.55 um), with InGaAs serving as the absorption layer and InP as the
multiplication layer, providing low dark current and a high gain—bandwidth product. In 2006, N.
Namekatal®3! et al. investigated the performance of an InGaAs/InP APD using sine wave gating
to achieve 800 MHz single-photon detection at 1550 nm. HgCdTe APDs are suitable for
medium-wave and long-wave infrared (MWIR and LWIR) detection. In 2021, Jin Chen3* et al.
investigated a high-performance HgCdTe APD with a unipolar barrier structure, demonstrating
its potential in applications such as 3D LiDAR. In recent years, many new APD material systems
have emerged. For example, InGaAsSb/InAlAsSb APDs have been developed to operate at
wavelengths above 2 um. For example, InGaAsSb/InAlAsSb APD can be extended to
wavelengths above 2 um. In 2024, Hyemin Jung®® et al. demonstrated an APD combining an
InGaAs/GaAsSb type-Il superlattice absorber and an AlGaAsSb multiplication layer, achieving
high gain (M = 178) and low excess noise (F < 2, M < 20) at room temperature, suitable for
detection at wavelengths greater than 2 um, with an external quantum efficiency of 3560% at
2 um. An external quantum efficiency of 3560% at 2 um. Two-dimensional materials (such as
MoS,, graphene) have ultra-fast response speed and are suitable for next-generation
optoelectronic devices. In 2023, Munir Ali®®l mentioned a graphene-silicon-based charge-
coupled device pixel for non-destructively reading avalanche multiplication signals in silicon
within the pixel. In 2023, Dekang Chen et al. proposed an APD design featuring photon-trapping
(PT) microstructures plus an ultra-thin absorber (=200 nm) in a Separate-Absorption, Charge,
Multiplication (SACM) architecture using AlinAsSb alloy. By trapping incoming light within the
thin layer, absorption is enhanced while dark current is suppressed.”l In 2024, Hyemin Jung
and other authors present a room-temperature linear-mode APD built on InP substrates. It

utilizes A Type-Il InGaAs/GaAsSb superlattice as the absorber, and an AlGaAsSb multiplication
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layer—both lattice-matched to InP. This design leverages Ill-V manufacturability and the

flexibility of superlattice engineering.[*®!

InGaAs/GaAsSb superlattices (SL) have attracted significant interest due to their excellent
band-engineering flexibility and precise tunability of bandgap, strain, and carrier confinement,
making them promising for extended shortwave infrared (e-SWIR) and mid-infrared
optoelectronic applications, including detectors and lasers. In this study, we characterized
InGaAs, GaAsSb, InAlAsSb, and InGaAs/GaAsSb superlattices, analysed crystal mass, lattice
matching, and strain by XRD, and studied their optical transitions and bandgap tunability by PL
testing. These results provide important support for high-performance infrared detectors and

laser structures based on antimony materials.
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Chapter 2 Background Theory

This chapter mainly introduces the basic physics of semiconductors, p-n junctions, principle of

photodetectors and IV Characteristics of p-n junctions.

2.1 Semiconductors

Semiconductors are a special class of materials with conductivity between conductor and
insulator, and their conductivity can be adjusted by doping with different elements or changing
external conditions such as temperature, pressure, and illumination. These are mainly due to
the modification of the bandgap and the concentration of charge carriers in the materials®.
To understand the physics of semiconductor materials, a simplified band gap diagram is
commonly used. Figure 2.1.1 shows a typical band gap diagram. Ec denotes the conduction
band energy (e.g., the bottom of parabolic conduction band) and E, represents the valence
band (e.g., the top of parabolic valence band). The energy difference between these is called
the energy band gap (Eg) of the material. Below E,, the valence band is fully occupied by
electrons. Above conduction band E., there are few electrons which can freely move around
and can be modified by doping. Evacuum is the energy level of a free electron at rest just outside
the surface. Electron affinity (x) is the energy difference between the vacuum level and the
conduction band minimum (CBM) of a semiconductor. For intrinsic semiconductors (not
doped) the Fermi energy normally positioned around halfway between the valence band and
the conduction band, regardless of the temperature.*?) however, its position can be shifted

significantly by doping.
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Figure 2.1.1 Simplified band gap diagram of semiconductors

The carrier concentration in semiconductors can be modified by doping. As shown in figure
2.1.2, doping will change the concentration of electrons and holes in semiconductor and then
affect the position of Fermi level. n-type doping, such as the incorporation of pentavalent
phosphorus (P) and arsenic (As) atoms into silicon, introduces extra free electrons into the
conduction band, causing the Fermi level to move upward toward the conduction band edge;
P-type doping, such as adding trivalent boron (B) and trivalent aluminium (Al), will introduce

more holes into the valence band and make Fermi level move to the valence band. (4
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Figure 2.1.2 bandgap diagram of intrinsic semiconductor (a), N-doped semiconductor (b), P-doped
semiconductor (c)

The bandgap energy Eg of a semiconductor is temperature-dependent quantity, which follows
an empirical Varshni relationship[*?!

aT?

T+F (2.1.1)

Ey(T) = E,(T = 0) —

where a and b are arshni parameters, T is temperature.

For ternary semiconductors, the bandgap energy can be expressed by the compositions of the
binaries. (43!

E;(A1_xBy) = (1 = x)E4(A) + xE4(B) —x(1 —x)C (2.1.2)

Where C is bowing parameter which accounts for the deviation from a linear interpolation
(virtual-crystal approximation) between the two binaries A and B, Ea and Eg are the bandgap
energy of A and B respectively. An example is InGaAs:

Ey(GaAs,_xInAs,) = (1 — x)E4(GaAs) + xE,(InAs) (2.1.3)

Table (2.1.1) shows the major parameters of the major IlI-V semiconductor binaries.
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Table 2.1.1 Parameters of the major Ill-V semiconductor binaries

Name
Eg (eV) a (meV/K) g (K) E, a(A)
GaAs | 1.519 0.5405 204 5.653
InAs 0.417 0.276 93 6.058
InP 1.4236 0.362 162 5.870
GaSb | 0.812 0.417 140 6.096
InSb 0.235 0.32 170 6.479
e 2 e 2
I s S3i
24 Alf tIng51Alp 40P ;

g
=)
1

g
Gag 5! no.wpz

—

=)

Band gap energy Eg [eV]

GaAs
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| e \
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Figure 2.1.3 The band gap as a function of the lattice constant for various ternary llI-V alloys.**

Another important physical property of semiconductors is their lattice constant. When a device
structure contains more than two different semiconductors, their lattice constants must be
identical or closely matched; otherwise, strain caused by lattice mismatch will develop and lead
to the formation of dislocations. These dislocations will degrade the semiconductors properties
and, hence, the corresponding device performance. Figure 2.1.3 shows the dependence of the
band gap energy of major IlI-V compounds on lattice constant. This is widely used in
semiconductor materials research to guide device design and heterostructure epitaxial
growth®]. The materials shown in the diagram include GaAs, InSb, AISb, InP, etc. Each material
is connected by its own line segments to form a series of possible combinations of ternary

alloys (e.g., AlGaAs, InGaAs), which illustrate the variation of the band gap with alloy
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composition. For example, lattice matched InGaAs on InP has a band gap energy of 0.74 eV at
room temperature, corresponding to a wavelength in the near-infrared spectral range.
Consequently, it is commonly used for telecommunication photodetectors. Another example
is AlGaAs/GaAs heterostructures, which are widely used to construct quantum wells!®!. This is
because AlGaAs alloys have wider bandgap energy than that of GaAs while maintaining a very
close lattice constant to that of GaAs making them suitable for the fabrication of quantum
structures. From this graph, we can also clearly see how these ternary compounds are lattice

matched on the major substrates with corresponding alloy compositions.

2.2 p-n junction

A p—njunction is a fundamental structure in semiconductor devices. It is formed by combining
p-type and n-type semiconductors. A p-type semiconductor contains acceptor impurities, and
the dominant charge carriers are holes. An n-type semiconductor is doped with donor
impurities, and the dominant charge carriers are electrons. The interface between these two

semiconductors forms a special structure called a p—n junction.®”]

The formation of a p—n junction is achieved through doping processes. On a silicon wafer, a p-
type region is formed on one side and an n-type region on the other side by different doping
methods. As shown in Figure 2.2.1(a), at the junction between the p-type and n-type regions,
electrons diffuse from the n region to the p region, while holes diffuse from the p region to the
n region due to the concentration difference of charge carriers. This diffusion results in the
formation of a space-charge region, also known as the depletion region!*®!. Figure 2.2.1(b)
shows that the depletion region contains an excess of fixed charges from ionized dopants and
is free of mobile charge carriers. These ionized dopants create an internal electric field that
prevents further diffusion of carriers across the junction. As a result, a space-charge region is

established near the interface, giving rise to the p—n junction.
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Figure 2.2.1 Schematic diamgrams showing the formation of a PN junction, (a)The diffusing of electrons and

holes , (b)The forming of a space charge region

Figure 2.2.2(a) shows the band gap energy diagram of a p—n junction under equilibrium
conditions. Equilibrium means that the temperature inside the p—n junction is uniform and
stable, and that the junction is not affected by external factors such as applied voltage or
magnetic fields, resulting in macroscopic stability.[*?! A space-charge region (depletion region)
with a built-in electric field is formed at the p—n junction, extending from -Xp to Xn. The
direction of this electric field is from the n region to the p region, which drives holes toward
the p region and electrons toward the n region, giving rise to drift currents that balance the

diffusion currents.
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Figure 2.2.2 Bandgap energy diagram in equilibrium (a), forward bias (b) and reverse bias (c).

Figure 2.2.2 (b) shows the p-n junction under forward biased which means a positive voltage
is applied to the p-type semiconductor side of the p-n junction while a negative voltage is
applied to the n-type side, a potential barrier across the p-n junction is reduced, so the
electrons and holes will be driven to the depletion region and causing current which increases
with increased bias.[*9°% Meanwhile, the excess electrons and holes in the depletion region
tend to combine and generate energies close to the band gap energy, thus, the p—n junction

can act as a light emitter.5%

Therefore, the luminescence intensity under forward bias reflects the competition between
radiative and non-radiative recombination processes, and can be used as an important
indicator of the material’s optical quality. The radiative recombination results in the emission
of photons, e.g., photoluminescence. The energy of the emitted photon is typically equal to or
slightly less than the bandgap energy. Non-radiative recombination is associated with defects,
impurities, or dislocations in the crystal. For these cases, the electron (or holes) first gets
trapped by these defects and then recombines with a hole (or electron), releasing energy in
the form of phonons, which heat the material, e.g. heat up the materials. In addition, There
are three main types of Auger recombination. For this recombination, instead of generating a
photon the energy released from the recombination of an electron-hole pair is transferred to
a third carrier (another electron or hole) to be at a higher energy level, this third carrier then

loses this excess energy to the lattice by emitting phonons (heat), not light. There are three
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different Auger recombination as shown in figure 2.2.3. the competition between radiative and
non-radiative recombination processes can be evaluated, providing insight into the optical

quality of the material.
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Figure 2.2.3 Three tapes of Auger recombination

When a p-n junction is under reverse bias, the depletion width increases and so does the built-
in potential, greatly reducing the diffusion currents.? A negative voltage is applied to the p-
type side of the p—n junction, while a positive voltage is applied to the n-type side, increasing
the potential barrier across the junction. As a result, electrons and holes are unable to cross
the p—n junction, and the resulting current is extremely small. Consequently, the resistance of
the p—n junction becomes very large, and the junction exhibits nonlinear resistance
characteristics. Under reverse bias, the widened depletion region generates a strong electric
field. Electron—hole pairs generated by incident photons within the depletion region are
separated by this electric field, forming a photocurrent. Therefore, a p—n junction can be used
as a photodetector!®3. The detailed working principle of photodetector will be discussed in

section 2.3.
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2.3 Photodetectors

From figure 2.2.2, it can be seen that after the bias voltage V is applied, a minority carrier
diffusion region appears. In the minority carrier diffusion region, the minority carrier Fermi
level will rise or fall to be equal to the multi-carrier Fermi level, and the change of the distance
between Fermi level and energy band corresponds to the change of carrier concentration.!>*
81 The higher the carrier concentration, the closer the electron Fermi level is to the conduction
band, and the closer the hole Fermi level is to the valence band. And the relative position of
Ern and Erp will change under these two bias voltages. When p-n junction is in the positive bias,

Ern> Erp; When p-n junction is in the reverse bias, Epn< Egp.>”)

diffusion 4—’
9 7 : htdiffusion homogeneous
i region i nregion
hv i hv :
v —e @&
-

hv hv

- P

homogeneous e diffusion i i

P region i region Depletion layer ~—) @
E y »: diffusion

P Active region

Figure 2.3.1 Photoexcitation of p-n junction photodiode

We can see from Figure 2.3.1 that when photons come from the left, there is a very good
chance that the area close to the surface of the p—n junction absorbs the light and generates
pairs of holes and electrons, but this region is very far from the depletion region. Therefore,
these pairs do not contribute to the external current or voltage. We can clearly see the range

of the active region that contributes to the external signal.

In the deeper absorption region, the generation of carriers close to the depletion region
(electron diffusion region) allows these carriers to be easily separated by the built-in electric
field, sweeping the electrons into the depletion region. This process contributes to the external

signal. A similar mechanism occurs on the other side, called the hole diffusion region
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1581591 where holes can be easily swept into the depletion region. In the depletion region, a
large number of electron—hole pairs are generated by drift current under the action of the
built-in electric field. At the same time, some electron—hole pairs on both sides of the depletion

layer enter the depletion layer due to diffusion, forming the diffusion current.

2.4 |V characteristics

The Current-Voltage (IV) characteristic of a p-n junction is determined by the following

relationship®%):

I1=1, [e(#lzﬂ) — 1] (2.4.1)

Where I, is the reverse saturation current, when V<<0, I = —Is. V is the applied voltage, n is
a material dependent constant (between 1 and 2), k is the Boltzmann constant, and T is

temperature.

From Equation (2.4.1), we can see that the current increases exponentially under forward bias
but remains at a low level under reverse bias (dark current). When the reverse voltage is
sufficiently high, the device experiences a sharp increase in dark current, known as the
breakdown voltage (Vid). This behaviour is attributed to avalanche multiplication and quantum
mechanical tunnelling. Since the dark current is very small under reverse bias while the current
increases rapidly under forward bias, this behaviour is generally called a rectifying
characteristic. Figure 6.3.1 shows the IV characteristic of a fabricated p—n junction,
demonstrating a clear rectifying behaviour. An IV measurement of a p—n device is the primary

examination used to evaluate the success of material growth and device fabrication.
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Chapter 3 Experimental methods

3.1 X-ray Diffraction crystallography

The working principle of X-ray diffractometer crystallography (XRD) is based on the diffraction
of X-rays by crystals. X-rays are electromagnetic waves with high energy, short wavelengths,
and wavelengths comparable to the lattice constants of crystals. When X-rays shine on a
crystal, they are scattered by many atoms within the crystal. Because of the regular atomic
arrangement in the crystal, these scattered waves interfere with each other and produce
diffraction phenomena. The intensity of the diffracted rays is strengthened in some directions
and weakened in others, depending on whether constructive or destructive interference
occurs. By analysing these diffraction results, structural information about the crystal, such as

crystal plane spacing, unit cell type, and crystalline quality, can be obtained.

The detailed physics of XRD is complex, but we will only discuss the most important principle
of XRD: Bragg diffraction. Bragg diffraction is a special case of Laue diffraction, which assumes
that the reflection is specular and that the lattice atoms of the sample are distributed over a
plane.l® As shown in Figure 3.1.1, the wavelength of X-rays is comparable to the distance
between atomic planes inside the crystal, so the crystal acts as a special grating for X-rays.
When a beam of X-rays shines on the crystal, each atom produces scattered waves that
interfere with each other to form a diffraction pattern. This interference is described by Bragg’s

equation:
(2dsin@=nA) (3.1.1)

where @ is the incident angle, d is the crystal plane spacing, n is the diffraction order, and A4 is

the wavelength of incident ray.

For constructive interference to occur, the path length difference between beams reflected
from adjacent atomic planes must be an integer multiple (n) of the wavelength (A). This
condition determines whether X-rays can interfere coherently within the crystal and thus
produce diffraction. By measuring the Bragg diffraction angle, the lattice constant can be

determined, which in turn allows the composition of an alloy to be inferred.
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Figure 3.1.1 Schematic diagram showing the principle of X-ray diffraction in a crystal(®?

3.2 Photoluminescence (PL)

PL is a fundamental technique to investigate the optical properties of semiconductors!®3].

The basic method for measuring the photoluminescence of semiconductor materials is to
illuminate the sample surface with laser light of an appropriate photon energy (laser
wavelength) and to measure the emitted photoluminescence. When the photon energy of the
laser is larger than the bandgap energy (Eg) of the semiconductor, the laser light is absorbed
and excites electrons from the valence band to the conduction band, creating electron—hole
pairs. These photo-generated carriers tend to relax to lower-energy states and release the
excess energy through either radiative or non-radiative recombination. Radiative
recombination results in the emission of photons, i.e., photoluminescence, and the energy of
the emitted photons is typically equal to or slightly less than the bandgap energy. Non-radiative

recombination is commonly associated with defects, impurities, or dislocations in the crystal.

The intensity of photoluminescence is normally weak, particularly for semiconductors with
smaller bandgap energies, where Auger recombination is stronger. Therefore, luminescence
detection is usually performed using a lock-in amplifier®. In addition, by looking at

luminescence at reduced temperatures, up to liquid helium temperature (4.2K), combined
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with varied laser power, we can have a better understanding on the semiconductor structures

being studied.

chopper

iHR320 monochromator

photodetector

-—[ SR380 lock-in amplifier ]

Figure 3.2.2 Schematic diagram of the photoluminescence system

Figure 3.2.2 illustrates the photoluminescence system was used for this project. The laser light
source is provided by a 635 nm laser (OBIS S181006009, Coherent Ltd, US) which was
controlled by the OBIS Coherent Connection software. This software could change the laser
powerl®l A cryostat (Microstate-He, Oxford Instruments, UK) was used to control the sample
temperature, it can load three experimental samples including one reference sample InAs.
Because copper is a good conductive material, so the Samples were mounted onto a copper
mount and the mount screwed to the end of the removeable cryostat arm—Ileveraging
copper’s high thermal conductivity advantages®®. The cryostat was maintained in vacuum. We
used a rough pump (Adixen Pfeiffer, Germany) firstly and then use a turbomolecular pump
(HiCube 300Eco), to pump the cryostat till the pressure reached 10™“mbar (measured by

Edwards Vacuum, US)[®7],

A helium transfer system is used to cool the sample to low temperatures. The helium transfer
arm (LLT600 Siphon, Oxford Instruments, UK) is connected to a helium-4 dewar and inserted

into the cryostat. Liquid helium is transferred into the cryostat to cool the sample, while helium
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gas is removed through the transfer pipe attached to the needle-valve port.°8! After opening
the liquid helium system, a temperature controller (Mercury iTC, Oxford Instruments, UK) is
connected to the temperature sensor located in the cryostat heat exchanger. The Mercury iTC
measures and controls the temperature with high precision and supports auxiliary cards for
gas-flow management, such as automatic needle-valve operation®79 The temperature is
initially set to approximately 4.2 K and then gradually increased during measurements until
noise interference becomes too large and no output signal can be detected. This continuous-
flow helium cooling configuration is commonly used in low-temperature spectroscopy setups

and provides a stable and precise thermal environment for optical measurements.

For measurements, the laser beam is directed onto the samples through a chopper wheel,
operating at 50 Hz’Y to modulate the light and improve signal detection. The
photoluminescence emitted from the sample is focused onto the entrance slit of an iHR320
monochromator using a pair of adjustable lenses. The iHR320 monochromator has a focal
length of 320 mm and covers a spectral range from 150 to 1500 nm with a 1200 g/mm grating,
and from 150 nm to 40 um when equipped with appropriate gratings 3. An InSb detector is
used to detect the luminescence (cooled with liquid nitrogen), the output signal is passed to
an internally constructed preamplifier and then to a lock-in amplifier (SR830, STAMFORD
Instruments, USA). Using the chopper frequency as a reference signal for phase-sensitive
detection!”3l. The switching frequency is received as a reference signal, and the final signal is

output to a computer.

SynerlJY software (Horiba Jobin Yvon, France) is used for data acquisition, with the integration
time held at 0.1 s for most measurements!’®. The spectra of an InAs reference sample are first
collected to ensure that the system is properly optimized before measurements. Each sample
is then scanned once at each laser power, with the excitation power ranging from 20 mW to
140 mW, and over a helium temperature range of 4.2-300 KU®-/7l For temperature-

dependent measurements, the power remains constant at 140mW.
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3.3 Spectral photo-response

A photoresponse setup is used to measure the spectral photoresponse of photodetectors
grown by molecular beam epitaxy (MBE). The underlying mechanism is that when the photon
energy is greater than or equal to the bandgap of the semiconductor material, the photon is
absorbed and excites electrons from the valence band to the conduction band, forming
electron—hole pairs. These carriers are then separated under the action of an external or built-
in electric field, generating a photocurrent!”8l, Therefore, the operating principle of
photodetectors is based on the photoelectric effect. The spectral response curve describes the
relationship between the output signal and the incident optical power as a function of
wavelength, and its shape is influenced by factors such as the material bandgap (which
determines the cutoff wavelength), absorption coefficient, internal quantum efficiency, and
carrier transport properties. 7! By measuring the spectral response, the energy band structure
of the material can be analysed, the device quality can be evaluated, and essential data can be

provided for photovoltaic material research and performance assessment.

Figure 3.3.1 illustrates the spectral photoresponse system used in this project. The light
source is an SLS202 (Thorlabs, UK), a compact and highly stable broadband infrared tungsten
halogen light source. The light passes through a chopper and then through a monochromator
before illuminating the diode under test (DUT), following a configuration similar to that of the
photoluminescence system described above. A resistor box is connected in series with the
DUT, allowing the lock-in amplifier to measure the voltage drop across the resistor. A
preamplifier is placed between the DUT and the lock-in amplifier to amplify the weak signal
from the resistor box, enabling effective phase-sensitive detection by the subsequent lock-in
amplifier (LIA). The chopper frequency is used as the reference signal, and the final processed

signal is output to a computer.
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Figure 3.3.1 Schematic of the Spectral photo-response system

3.4 IV Measurement

Current—voltage (I-V) measurements are a fundamental method for evaluating the electrical
properties of optoelectronic devices. By applying different bias voltages across the device
terminals and measuring the corresponding current, the |-V characteristic curve can be
obtained. This curve provides key information about device performance parameters, such as

turn-on voltage, breakdown voltage, series resistance, and leakage current.

Figure 3.4.1 shows the set-up of IV probe station, a source-measurement unit (SMU)
simultaneously applies a forward/reverse bias voltage across the two terminals of the DUT and
measures the resultant current flowing through the DUT. The equipment is either an HP 4140B

Pico ammeter, a Keithley 2400 SMU, and the software of data acquisition is LabVIEW.

\
—

Figure 3.4.1 IV prob station
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Chapter 4 Structural analysis

To realize type-Il superlattice (T2SL) e-SWIR photodetectors on InP, molecular beam epitaxy
(MBE) growth of four lattice-matched materials on InP was carried out, including InGaAs,
GaAsSb, AllnAsSb, and InGaAs/GaAsSb T2SL. Multiple growth attempts were performed for
each material. The resulting samples were characterized by X-ray diffraction (XRD) to
determine their actual structures and compositions. Examples include 200-nm-thick InGaAs on

InP, 200-nm-thick GaAsSb on InP, AllnAsSb on InP, and 40-period InGaAs/GaAsSb T2SL on InP.

4.1 InGaAs on InP

A set of InGaAs single epilayers were grown on InP at various indium and gallium cell
temperatures to achieve lattice-matched InGaAs. Figure 4.1.1 shows X-ray diffraction (XRD)
patterns of four InGaAs samples on InP. Two peaks are present for each sample: one located
at 31.670° corresponds to the InP substrate, and the other originates from the InGaAs epilayer.
All samples exhibit an epilayer peak close to the InP peak, indicating a small lattice mismatch
and no relaxation, which was assumed in our simulations 8%, The detailed XRD parameters for
these four samples are summarized in Table 4.1.1. Each sample shows a strong epilayer peak
with a narrow full width at half maximum (FWHM) of 1.56-2.28 arcsec. In addition,
Pendelldsung fringes are observed, indicating high crystalline quality of the epilayers. The
simulated structural parameters are listed in Tables 4.1 and 4.2, showing that sample A1636

has a nearly lattice-matched composition with a narrow FWHM of 1.56 arcsec.
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Figure 4.1.1 X-ray diffraction for the four samples of InGaAs on InP

Table 4.1.1 X-ray diffraction parameters for the samples of InGaAs/InP

Sample No Structure Epiangle (°) | Separation (°) | FWHM (') | In% Thickness(nm) | Epi Intensity Sub Intensity
A1597 InGaAs/InP | 31.614 0.076 1.680 0.548 | 190.465 5933.960 97427.460
Al627 InGaAs/InP | 31.626 0.039 2.280 0.540 164.424 20441.430 346195.520
A1636 InGaAs/InP | 31.680 0.020 1.560 0.536 | 167.934 23523.750 223389.230
A1649 InGaAs/InP | 31.661 0.019 1.680 0.537 | 151.953 14835.070 213335.050
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Table 4.1.2 simulated composition, bandgap energy (0K) and relevant a,  for Vashini equaition

Name | Structure INAs% | GaAs% | C(eV) Eg(eV),T =0 a(A) a(meV/K) B(K)
A1597 | InGaAs/InP | 0.548 | 0.452 | 0.150 | 0.878 5.386 0.473 143.172
A1627 | InGaAs/InP | 0.540 | 0.460 | 0.150 | 0.887 5.375 0.474 144.060
A1636 | InGaAs/InP | 0.536 | 0.464 | 0.150 | 0.891 5.369 0.474 144.504
A1649 | InGaAs/InP | 0.537 | 0.463 | 0.150 | 0.889 5.370 0.474 144.393

4.2 GaAsSb on InP

A set of GaAsSb single epilayers were grown on InP at various cell temperatures to achieve
lattice-matched GaAsSb. Figure 4.2.1 shows X-ray diffraction (XRD) patterns of four GaAsSb
samples on InP. Two peaks are present for each sample: one located at (angle) corresponds to
the InP substrate, and the other originates from the GaAsSb epilayer. All samples exhibit an
epilayer peak close to the InP peak, indicating a small lattice mismatch and no relaxation, which
was assumed in our simulations. The detailed XRD parameters for these four samples are
summarized in Table 4.2.1. Each sample shows a strong epilayer peak with a narrow full width
at half maximum (FWHM) of 3.24-5.96 arcsec. In addition, Pendelldsung fringes are observed,
indicating high crystalline quality of the epilayers!8182 The simulated structural parameters
are listed in Tables 4.2.1 and 4.2.2, showing that sample A1805 has a nearly lattice-matched

composition with a narrow FWHM of 3.72 arcsec.
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Table 4.2.1 X-ray diffraction parameters for the samples of GaAsSb/InP

Sample No | Structure Epiangle (°) | Separation (°) | FWHM (') | As% Thickness(nm) | Epi Intensity | Sub Intensity
A1838 GaAsSb/InP | 32.043 0.381 3.240 0.588 | 200.000 1244.580 192726.556
A1846 GaAsSb/InP | 32.089 0.293 5.964 0.570 | 230.000 2418.970 279043.321
A1858 GaAsSb/InP | 32.888 1.071 4.920 0.720 | 200.000 74.218 207028.474
A1805 GaAsSb/InP | 31.919 0.200 3.720 0.553 | 220.000 2828.869 166231.404
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Table 4.2.2 simulated composition, bandgap energy (0K) and relevant a, [ for Vashini equation

Name | Structure GaAs% | Gasb% | C(eV) | E,(eV),T =0 a(A) a(meV/K) B(K)
A1805 | GaAsSb/InP | 0.588 0.412 0.600 | 1.082 5.690 0.490 177.632
A1838 | GaAsSb/InP | 0.570 0.430 0.600 | 1.068 5.697 0.487 176.480
A1846 | GaAsSb/InP | 0.720 0.280 0.600 | 1.200 5.656 0.506 186.080
A1858 | GaAsSb/InP | 0.553 0.447 0.600 | 1.055 5.703 0.485 175.392

4.3 AllnAsSb on InP

A set of AllnAsSb single epilayers were grown on InP at various cell temperatures to achieve
lattice-matched AllnAsSb. Figure 4.3.2 shows X-ray diffraction (XRD) patterns of six AllnAsSb
samples on InP. Two peaks are present for each sample: one located at (angle) corresponds to
the InP substrate, and the other originates from the AlInAsSb epilayer. All samples exhibit an
epilayer peak close to the InP peak, indicating a small lattice mismatch and no relaxation, which
was assumed in our simulations. The detailed XRD parameters for these six samples are
summarized in Table 4.3.1. Each sample shows a strong epilayer peak with a narrow full width
at half maximum (FWHM) of 2.160-13.200 arcsec. In addition, Pendellésung fringes are
observed, indicating high crystalline quality of the epilayers!®l. Table 4.3.1. show that sample

A1869 has a nearly matched composition with a narrow FMHW of 2.160 .
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Figure 4.3.1 X-ray diffraction for the sample of AlinAsSb on InP(A1886)
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Figure 4.3.2 X-ray diffraction for the four samples of AllnAsSb on InP

Table 4.3.1 X-ray diffraction parameters for the samples of AlinAsSb/InP

Sample No | Structure Epiangle (°) | Separation (°) | FWHM | As% | Thickness(nm) | Epi Intensity | Sub Intensity
(')
A1837 AllnAsSb/GaSb | 29.327 0.548 12.480 | 0.781 | 1000.000 34.4280 40148.232
A1840 AllnAsSbh/GaSb | 30.861 0.540 2.520 | 0.750 | 1000.000 7825.419 712241.623
A1843 AllnAsSb/GaSb | 29.326 0.550 13.200 | 0.530 | 1000.000 35.721 39387.586
A1844 AllnAsSb/GaSb | 30.181 0.194 2.160 | 0.604 | 1000.000 8250.361 912825.512
A1847 AlinAsSb/GaSb | 30.268 0.075 3.000 | 0.628 | 1000.000 19542.699 766347.079
A1869 AllnAsSb/GaSb | 30.294 0.055 4.440 | 0.632 | 1000.000 6930.957 350296.149
A1886 1.InGaAlAs/InP | 31.497 0.033 1.440 | 0.250 | 2000.000 3701.719 308913.019
2.InGaAlAs/InP | 31.569 0.039 2.880 | 0.850 | 2000.000 22019.396
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4.4 InGaAs/GaAsSb superlattice (SL) on InP

Four samples of SL were grown by MBE to target strain balanced SL on InP®4. Each sample was
initially grown with an InGaAs buffer layer under conditions similar to those used for the InGaAs
layers in the SL. Figure 4.4.1 shows the X-ray diffraction (XRD) patterns of these four samples.
Each sample exhibits a set of peaks with the same angular separation, known as satellite peaks,
resulting from the periodic structure of the superlattice. The peak adjacent to the InP
substrate, referred to as the zeroth-order peak, reflects the strain of the SL relative to the
substrate. This peak is close to the substrate peak, indicating no relaxation in the samples; its
composition was used for X-ray simulation®®. The InGaAs buffer layer peak was used to
determine the indium composition in InGaAs for the SL simulations. The structural parameters
obtained from simulations for each sample are listed in Table 4.4.1. Sample A1792 exhibits a
nearly lattice-matched composition. The presence of strong and narrow satellite peaks

indicates the high crystalline quality of the superlattices.
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Figure 4.4.1 four samples of InGaAs/GaAsSb SL on InP
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Table 4.4.1 Structural details determined from simulation

Sample | Structure Sub Epi Separ | In% As% | GaAsSb | InGa | InGaAs Epi Sub Intensity
No angle (°) | angle ation Thickne | As (buffer) | Intensity
() () ss(nm) | Thick | Thicknes
ness( | s(nm)
nm)
A1760 | 20x 31.721 31.888 | 0.153 | 0.525 | 0.568 | 4.000 3.289 | 200.000 | 6331.261 | 79490.490
InGaAs/GaAsS
b SLon InP
A1765 | 20x 31.543 31.610 | 0.067 | 0.550 | 0.551 | 4.335 3.382 | 200.000 | 506.139 20568.396
InGaAs/GaAsS
b SLon InP
A1788 | 40x 31.910 32.155 | 0.245 | 0.515 | 0.587 | 5.945 4.947 | 100.000 | 35152.206 | 386990.044
InGaAs/GaAsS
b SLon InP
A1792 | 40x 31.717 31.665 | 0.052 | 0.530 | 0.451 | 2.046 9.150 | 100.000 | 20132.385 | 180735.935
InGaAs/GaAsS
b SLon InP
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4.5 Conclusion

Through optimization of MBE growth, lattice-matched InGaAs, GaAsSb, InGaAs/GaAsSb type-I|
superlattices (T2SLs) on InP substrates, and InAlAsSb on GaSb substrates were successfully
obtained. The X-ray diffraction (XRD) patterns of these lattice-matched alloys exhibit strong

and narrow diffraction peaks, demonstrating the high crystalline quality of the materials.
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Figure 4.5.1 summarizes the X-ray diffraction (XRD) patterns for the best samples of each
structure. All of these samples exhibit high-quality crystal growth and structural integrity,
representing the best exemplars within their respective material systems. Comparison of the
XRD results indicates significant differences in lattice matching and crystalline quality among
the different material systems. Although the single-layer InGaAs (A1636) and InGaAlAs (A1886)
can be epitaxially grown on the InP substrate, their separation angles are 0.150° and 0.033—
0.039°, respectively, indicating a certain degree of lattice mismatch. Furthermore, due to the
thick epitaxial layers, strain relaxation and defects can be introduced into the structures 8187,
Similarly, the single-layer GaAsSb (A1805) and AllInAsSb (A1869) were successfully epitaxially
grown on the substrate, but their separation angles of 0.200° and 0.055° still indicate lattice
mismatch. Moreover, their satellite peaks are poorly resolved, reflecting insufficient periodicity
and interface flatness®839 |n contrast, the InGaAs/GaAsSb superlattice (A1792) is well lattice-
matched to InP, with a separation angle of only 0.052°. In addition, the satellite peaks of A1792
are well resolved, indicating a highly controllable superlattice period, flat interfaces, and higher
crystalline quality than the other samples®®. Therefore, based on the XRD data, the A1792
InGaAs/GaAsSb superlattice demonstrates the best lattice matching and structural integrity,
making it an optimal candidate for the growth of e-SWIR photodetectors with a 2.5 um-thick

T2SL absorption layer.
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Chapter 5 Photoluminescence (PL) Studies

To investigate the optical properties of semiconductor materials lattice-matched to InP,
including InGaAs, GaAsSb, InAlAsSb, and InGaAs/GaAsSb type-Il superlattices (T2SLs), a 650 nm
laser was used to excite the samples with powers ranging from 20 to 140 mW.
Photoluminescence (PL) measurements were also performed at various temperatures, ranging

from 8 K'to 300 K. Table 5.1 summarizes the samples studied in this work.

Table 5.1. summary of samples

Sample No Structure Thickness(nm)
A1597 INossGag.asAs on InP 211.500
Al1636 INosaGap.a6As on InP 211.400
A1805 GaAsp s5Sboas on InP 240.000
A1840 Alo.3InAso.75Sb on GaSb 108.860
A1869 Alo3InAsps3Sb on GaSb 274.500
A1788 Ino.s2GaAs/GaAsg.s9Sb SL on InP 1000.000
A1792 Ino.53GaAs/GaAsp4sSb SL on InP 1000.000

5.1 InGaAs

Two 200 nm InGaAs epilayer samples on InP were studied: A1597, with an indium content of
0.55 (determined by X-ray, corresponding to a lattice mismatch of +0.018), and A1636, with an
indium content of 0.54, nearly lattice-matched to InP. In general, the lattice mismatch of
InGaAs with InP strongly influences both structural and optical properties®92l, Figure 5.1.1
shows the 8 K photoluminescence (PL) spectra at various laser excitation powers. Two peaks
were observed for both samples: the left peak originates from the InGaAs epilayer, while the
right peak corresponds to the second-order peak from the InP substrate. The indium
composition can be calculated from the peak wavelength. For A1597, the PL peak at 1559.30
nm indicates an indium composition of 0.55, while A1636, with a peak at 1542.67 nm,
corresponds to an indium composition of 0.54. These results are consistent with the
compositions determined by X-ray diffraction. The intensity and full width at half maximum

(FWHM) of the two samples are summarized in Table 5.1.1.
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To assess the material quality, power-dependent PL measurements were performed on the
samples. The emission peaks are centered at 1559.30 nm for A1597 and 1542.67 nm for A1636,
remaining unchanged as the laser excitation power increases, indicating that the emission
arises from band-to-band transitions rather than defect-related states!®®l. Moreover, the PL

intensity increases monotonically with laser power, a characteristic of efficient radiative recombination

in high-quality InGaAs epilayers. The PL data of the samples are summarized in Table 5.1.1.
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Figure 5.1.1PL for sample A1597, A1636 for InGaAs

Table5.1.1 PL parameters for sample A1597, A1636 of InGaAs

Sample No | Thickness (nm) Peak wavelength (nm) Intensity FWHM (nm)
A1597 211.500 1559.297 1253.140 32.462
A1636 211.400 1542.672 875.477 34.000
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5.2 GaAsSb

One 200 nm GaAsSb epilayer sample on InP, A1805, was studied, with an arsenic composition
of 0.55, resulting in a lattice mismatch of +0.04. Figure 5.5 shows the 8 K photoluminescence
(PL) spectra at various laser excitation powers. Two peaks were observed for this sample: the
left peak originates from the InP substrate, while the right peak, centered at 1750.62 nm, is

attributed to the GaAsSb epilayer.

The arsenic composition was estimated from the dependence of the bandgap on arsenic
content (see Equation 2.1.1). The lowest bandgap is 0.777 eV at an arsenic composition of
0.179. The observed PL emission energy is lower than this value, indicating that the emission
does not originate from the GaAsSb epilayer. The lower-energy emission likely arises from
type-Il transitions of photo-generated carriers at the InP/GaAsSb interface, as illustrated in
Figure 5.2.1. The PL intensity and full width at half maximum (FWHM) of this sample are

summarized in Table 5.2.2.

Base
CB ~ 0.72eV
1.35eV GaAssh

InP

Figure 5.2.1 band diagram GaAsSb/InP bandgap alignment

To assess the material quality, power-dependent photoluminescence (PL) measurements were
performed on the sample. The emission peak was observed to be centered at 1750.62 nm and
remained unchanged as the laser excitation power increased, indicating that the emission

originates from band-to-band transitions. Moreover, the emission peak intensity was observed
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to increase with increasing laser excitation power, consistent with efficient radiative

recombination in the material.
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Table 5.2.1 PL parameters of sample A1805 for GaAsSbh

Sample No Thickness(nm) | Peak wavelength(nm) Intensity FWHM (nm)

A1805 240.000 1750.621 3122.340 87.525
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5.3 AlInAsSb

Two InAlAsSb epilayer samples on GaSb, with thicknesses of 108.86 nm (A1840) and 274.50
nm (A1869), were studied. A1840 has an arsenic composition of 0.75, resulting in a lattice
mismatch of +0.109, while A1869 has an arsenic composition of 0.63, nearly lattice-matched
to GaSb. Figure 5.3.1 shows the 8 K photoluminescence (PL) spectra of A1840 at various laser
excitation powers. The left peak originates from the InP substrate, while the right peak is
attributed to the InAlAsSb epilayer. Figure 5.3.2 shows the PL spectrum of A1869, which

exhibits a single peak originating from the InAlAsSb epilayer.

The arsenic composition was estimated from the peak wavelengths using the bandgap
dependence on arsenic composition (see Equation 2.1.1). For A1840, the PL peak at 2380.67
nm corresponds to an arsenic composition of 0.632, while A1869, with a peak at 2382.49 nm,
corresponds to an arsenic composition of 0.631. These results are consistent with the

compositions determined by X-ray diffraction.

To assess the material quality, power-dependent PL measurements were performed on both
samples. The emission peaks were centered at 2380.67 nm for A1840 and 2382.49 nm for
A1869. A slight blue shift of the peak wavelengths was observed with increasing laser excitation
power, indicating the presence of recombination through localized states arising from
compositional nonuniformity®. Temperature-dependent PL measurements were also
performed. A1840 quenched above 20 K, while A1869 quenched above 30 K, reflecting the
improved lattice matching of A1869 and highlighting the importance of lattice-matched
epilayers for high-performance devices. The PL intensity and full width at half maximum

(FWHM) of the samples are summarized in Table 5.3.1.
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Table 5.3.1 PL parameters of sample A1805 for AlinAsSb

Sample | Thickness(nm) Peak wavelength(nm) Intensity FWHM Tmax (K)

No (nm)

A1840 | 108.864 2380.671 770.573 99.093 20.000

A1869 | 274.500 2382.491 946.049 96.790 | 40.000
5.4 SL

Two InGaAs/GaAsSb (4.5 nm/4.5 nm) type-Il superlattice (T2SL) samples, with a thickness of
1000 nm, were studied on InP (see Section 4.4 for detailed structures). A1788 has InGaAs with
an indium content of 0.52 (lattice mismatch of +0.01) and GaAsSb with an arsenic content of
0.59 (lattice mismatch of 0.07), while A1792 has InGaAs with an indium content of 0.53 (nearly
lattice-matched) and GaAsSb with an arsenic content of 0.45 (lattice mismatch of +0.061).
Figure 5.4.1 shows the 8 K photoluminescence (PL) spectra at various laser excitation powers.
Three peaks were observed for both samples: the left peak originates from the InGaAs buffer
layer, the middle peak corresponds to the third-order laser line (650 nm), and the right peak

originates from the T2SL layer, which is the main focus of this study.

The indium composition was estimated from the T2SL emission peak wavelength. For A1788,
the peak at 2157.69 nm indicates an indium composition of 0.55, while A1792, with a peak at
2137.27 nm, corresponds to an indium composition of 0.54. These results are consistent with

the compositions determined by X-ray diffraction.

To assess the material quality, power-dependent PL measurements were performed on both
samples. A pronounced blue shift of the T2SL emission peak was observed for both samples as
the laser excitation power increased, which is a typical behaviour of type-Il band alignment
quantum structures®>°®  Meanwhile, the emission peak intensity was observed to increase

with increasing laser excitation power.
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Figure 5.4.2(a) shows the power-dependent photoluminescence (PL) intensity characteristics
of samples A1788 and A1792 at 8 K. Overall, as the excitation power increased from 20 mW to
140 mW, the PL intensity of both samples exhibited a continuous increase, indicating efficient
optical responses. The PL intensity of A1788 increased approximately linearly with increasing
excitation power, suggesting a stable carrier recombination process and high radiative
recombination efficiency. In contrast, the PL intensity of A1792 increased gradually in the low-
power region (20—80 mW), but showed a pronounced increase above 100 mW, indicating that
the carrier recombination mechanism may be influenced by filling of localized states or
saturation of defect states at high excitation power, thereby enhancing the radiative
recombination efficiency. Overall, A1788 exhibited a more uniform and predictable response,
while the pronounced intensity enhancement of A1792 at high power indicated higher

luminescence potential under strong excitation conditions.

Figure 5.4.2 shows the dependence of the T2SL photoluminescence (PL) emission peak on laser
excitation power. For sample A1788, a blue shift from 2368 nm to 2158 nm and a broadening
of the full width at half maximum (FWHM) from 164 nm to 252 nm were observed. In contrast,
A1792 exhibited a blue shift from 2343 nm to 2137 nm, with FWHM broadening from 150 nm
to approximately 300 nm. Peak blue shift is a typical behavior of type-Il band-aligned quantum
structures and has been observed in many type-Il superlattices, such as InAs/GaSb 7. This
blue shift is primarily attributed to band bending and the reduced spatial separation between
electron and hole wavefunctions under high optical excitation, which enhances Coulomb
interactions and increases the transition energy®®. These observations confirm that the
superlattices grown in this work exhibit type-Il band alignment. The broadening of the PL peak
FWHM is associated with inhomogeneities in well thickness and composition, carrier—carrier
scattering, and band-filling effects under strong optical pumping®. The PL features of T2SL

were summarised in table 5.4.1.

Table 5.4.1 PL parameters of sample A1788, A1792 for InGaAs/GaAsSb SL

Sample No | Thickness(nm) Peak wavelength(nm) Intensity FWHM (nm)
A1788 1000.000 2157.691 5096.471 251.592
A1792 1000.000 2137.268 5188.020 269.894

48




5.5APD

Owing to advances in type-Il superlattices (T2SLs), we investigated their potential for avalanche
photodiode (APD) applications. To support this study, photoluminescence (PL) measurements
were performed on a set of APD devices. Sample A1902 is an InGaAs/GaAsSb T2SL APD wafer
grown on an InP substrate. The APD structure consists of an n-InGaAs barrier layer, multiple
layers of AlGaAsSb serving as the multiplication and charge layers, followed by a thin InGaAlAs
transition layer, 188 pairs of 5 nm/5 nm InGaAs/GaAsSb T2SL absorber layers, and a top contact
layer composed of thick, heavily doped InGaAs. Sample A1908 is an InGaAs APD with the same

structure as A1902, except that the absorber is replaced by InGaAs.

Figure 5.5.1(a) shows the 5 K PL spectra of A1902 at various laser excitation powers. Two peaks
were observed: the left peak originates from the InGaAs buffer layer, while the right peak
corresponds to the InGaAs/GaAsSb T2SL absorption layer. The PL intensity of both peaks
increased with excitation power, and the emission wavelengths were blue-shifted slightly,

consistent with behaviours observed in previous studies1°0-101],

Figure 5.5.1(b) shows the temperature-dependent PL of A1902. At low temperatures (5 K), the
T2SL emission peak appears at approximately 2200 nm (0.564 eV). As the temperature
increases to 150 K, the peak blue-shifts to approximately 2050 nm (0.605 eV), followed by a
slight red-shift up to 200 K. The PL peak exhibits an "S-shaped" temperature dependence,
indicating that carrier localization dominates luminescence at low temperatures 192 As the
sample is heated, these carriers delocalize and recombine at higher-energy states until
complete delocalization occurs, as described by phenomenological models for exciton
localization!!®l. At higher temperatures, the intrinsic bandgap shrinkage of the material
becomes the dominant effect(1%4. At the same time, the luminous intensity rapidly decreases

and thermal quenches during the further heating process!>.
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Figure 5.5.1 PL for sample A1902 InGaAs/GaAsSb T2SL APD at varied laser excitation power and 5 K (a) (5K), and

varied temperature of 5K to 200K with laser excitation power of 140 mW.

5.6 Conclusion

The major PL features of all the samples are summarized in Table 5.4.2. It can be seen that all
samples grown under optimized growth conditions exhibit efficient emission, except for
GaAsSb/InP, where luminescence is dominated by type-Il interface recombination.
Importantly, to achieve long-wavelength operation for e-SWIR photodetectors, both T2SL and
AllnAsSb materials can be employed. However, T2SL exhibits a much stronger emission
intensity, indicating its superior optical quality. Although its FWHM is wider than that of
AllnAsSb, this is expected to enable a broader spectral response. Consequently, in this study,

T2SL was employed as the absorber for e-SWIR photodetectors.
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Furthermore, PL measurements on a T2SL APD revealed a strong emission with an intensity of

32,690. and a peak wavelength of 2165 nm, indicating the high quality of the absorber. This

further confirms the suitability of T2SL for e-SWIR photodetector applications.

Table 5.6.1 PL summary of samples

Sample No | Structure T(K) Laser power (mW) A, (nm) FWHM (nm) | Intensity

A1597 InGaAs on InP 8.000 | 140.000 1750.000 94.456 455.858

A1636 InGaAs on InP 8.000 | 140.000 1731.004 65.258 2004.640

A1805 GaAsSb on InP 8.000 | 140.000 1750.621 87.525 3122.340

A1788 InGaAs/GaAsSb 8.000 | 140.000 2149.159 251.592 5096.470
T2SL on InP

A1792 InGaAs/GaAsSb 8.000 | 140.000 2153.558 269.894 5188.020
T2SL on InP

A1840 AllnAsSb on GaSb | 8.000 | 140.000 2380.671 99.093 770.573

A1869 AllnAsSb on GaSb | 8.000 | 140.000 2382.491 96.790 946.049

A1902 InGaAs/GaAsSb 8.000 | 140.000 2165.504 65.418 5075.723
T2SL APD
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Chapter 6 T2SL nBp e-SWIR photodetector

Based on the calibrated InGaAs/GaAsSb T2SL grown on InP substrates, an nBp device structure
was designed for wavelength-extended near-infrared photodetector applications. Several
device wafers were grown through multiple growth attempts. The best-performing wafers
were subsequently fabricated into mesa-structured infrared photodetectors, and their 1=V

characteristics and detection performance were systematically investigated.

6.1 Design, growth and fabrication of T2SL e-SWIR photodetector

Molecular beam epitaxy (MBE) was employed in this study to grow nBp detector epitaxial
structures on InP substrates. MBE is a non-equilibrium epitaxial growth technique operated
under ultra-high vacuum conditions, in which the growth process is primarily governed by
surface kinetic mechanisms. Group lll elements (In, Ga, and Al) were supplied from solid-state
effusion cells, while group V elements (As and Sb) were provided as diatomic molecular beams
using valved cracker sources. By precisely controlling the substrate temperature, group lI/V
flux ratio, and the opening and closing of source shutters, the thickness, composition, and
heterointerface abruptness of the epitaxial layers were accurately controlled. This level of
control is critical for the realization of high-quality InGaAs/GaAsSb superlattice absorption

layers and AlGaAsSb barrier layers.

The molecular beam fluxes were calibrated using beam equivalent pressure (BEP), and surface
reconstruction and growth kinetics were monitored in situ by reflection high-energy electron
diffraction (RHEED). The excellent controllability and high-quality interface characteristics of
solid-source MBE make it particularly suitable for the epitaxial growth of multilayer

InGaAs/GaAsSb/AlGaAsSb nBp heterostructures investigated in this work.

The schematic structure of the nBp detector is shown in Figure 6.1(a). After the deposition of
a 0.5 um n-InGaAs bottom contact layer, 200 pairs of InGaAs/GaAsSb absorber layers with
individual thicknesses of 5 nm/5 nm were grown. This was followed by the deposition of a 5
nm-thick Alp3sGaAsSb barrier layer. The structure was finally capped with a 100 nm-thick
heavily p-doped GaAsSb layer serving as the top contact layer. The corresponding band

diagram of the nBp structure is illustrated in Figure 6.1(b). The AlGaAsSb layer, which is lattice
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matched to the InP substrate, acts as an energy barrier to suppress diffusion current, thereby
reducing the dark current of the device. The grown wafer was then fabricated to standard
mesa-structured photodetector devices at various mesa sizes by standard photolithography
process. The mesa was dry-etched by an inductive coupled plasma (ICP) instrument, followed
by metallisation of Ti/Au to the contact layers for bottom and top contacts, then finalised by
deposition of a 200 nm thick SiO; layer for passivation. The devices were primarily investigated
by looking at |-V characteristics over various temperatures. The best devices were then

selected for spectral photoresponse study at room temperature.
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Figure 6.1.1 Schematic diagram of the T2SL nBp e-SWIR photodetector (sample A1769) (a) and the bandgap
diagram of the device (b)

53



6.2 Structural analysis of the T2SL nBp photodetectors

Figure 6.2.1 shows the XRD scan test and the fitting of sample A1769. The XRD scan shows
large number of sharp and intense satellite peaks of the sample the 0™-order peak close to the
InP substrate, indicating a low lattice mismatch of the T2SL and the high crystalline quality and
abrupt interfaces. The peaks of bottom InGaAs layer and top GaAsSb layer are also visible. The
simulation reveals the actual structure is Inos3sGaAs, Inos3sGaAs/GaAsosSb  T2SL,
Alp35GaAspsSb, and GaAsps11Sb. The overall results show that the epitaxial growth structure is
close to the designed structure in terms of layer thickness, composition control, and
superlattice interfaces control. Owing to its high crystalline quality, we processed this wafer

into mesa-structured diodes to evaluate feasibility for e-SWUR infrared detection.

— A1769
1E7 5 —— A1769 Model
1000000 _; - TH\EE:;?:V‘:(T)EZ:TK , Y . STRAIN C nmmsr uxmmals szuusl
E 2L 035 05 0 0 1 1
E I(x)G3( H
100000 b T ——
2 10000 4
o 3
c ]
3 ]
£ 1000
100 -
10 - J ‘
14— Ll |
EY 36 38

Figure 6.2.1 X-ray of A1769

6.3 IV measurements

The |-V characteristics of devices with a mesa diameter of 0.8 mm were measured using a
home-built probe station. Figure 6.3.1 shows the |-V curves of six representative devices. All
devices exhibit clear asymmetric |-V behaviour, characterized by very low dark current under

reverse bias and an exponentially increasing current under forward bias. Under a reverse bias
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of =2 V, the devices show dark current densities in the range of 2—=20 mA/cm?, which are
relatively low. It should be noted that variations in dark current are observed among different
devices. These variations may originate from material nonuniformity in the epitaxial growth or

from process-induced variations during device fabrication.
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Figure 6.3.1 IV characteristic of T2SL nBp photodetector (A1769)

Figure 6.3.2 shows the dark |-V characteristic curve of the A1769 device over the range of 12 K
to 300 K. It can be observed that the device exhibits a reduced dark current when the
temperature reduces. An ultra-low dark current of 1078 A at reverse bias of =1 V can be
obtained at 12 K, indicating that the defect-assisted tunnelling process and surface leakage
current are effectively suppressed. This is typically observed in pin structures. As the
temperature increases, the dark current gradually increases, mainly due to the generation-
recombination process of thermal activation, the enhancement of diffusion current and the
increased surface leakage current. At room temperature (300 K), the device's dark current at
1V reverse bias is maintained in the range of 10#=1073A, which is lower compared to some
reported Type Il superlattice photodiodes, demonstrating the advantages of the nBp structure
in reducing dark current by using the AlGaAsSb barrier and the success of MBE growth of the

high crystalline quality and strain-compensated overall structure. It is worth noting that,
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throughout the temperature range, the |-V curves of the devices show a strong asymmetry

under the forward and negative deviations, which further indicates that the high quality of the

p-n junction.
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Figure 6.3.2 Temperature varied |V characteristics for T2SL nBp e-SWIR photodetector A1769 H.

6.4 Spectral photoresponse

To measure the spectral photoresponse of the InGaAs/GaAsSb T2SL e-SWIR photodetectors, a
Thorlabs SLS202 broadband light source was used to illuminate the devices in a photoresponse
measurement setup adapted from the photoluminescence system. All measurements were
performed at room temperature. For performance benchmarking, the measured

photoresponse was compared with that of a commercial Thorlabs photodetector.

Figure 6.4.1 shows the spectral photoresponse of six devices fabricated from wafer A1769. All
devices exhibit a photoresponse over the wavelength range from 750 nm to approximately
2250 nm, beyond which no measurable response is observed. The peak responsivity is located

in the wavelength range of 1000-1500 nm. The cutoff wavelength of approximately 2250 nm
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is consistent with the photoluminescence emission peak at around 2200 nm, confirming that

the photoresponse originates from the InGaAs/GaAsSb T2SL absorber.

Significant variations in photoresponse are observed among different devices. These variations
are attributed to device nonuniformity introduced during fabrication, as well as possible
material nonuniformity across the epitaxial wafer. The effective spectral response bandwidth
of these devices is approximately 1338 nm. The best-performing device exhibits a peak
photoresponse signal of approximately 30 mV at a wavelength of 1500 nm. Notably, this value
is substantially higher than the peak photoresponse of approximately 2.4 mV measured from
a commercial Thorlabs SMO5PD5A photodetector, which employs lattice-matched InGaAs as
the absorber. This comparison highlights the promising performance potential of the

INnGaAs/GaAsSb T2SL e-SWIR photodetectors developed in this work.

1500 —— A1769 O ) ! ) !

500 1000 1500 2000 2500
wavelength(nm)

Figure 6.4.1 six samples of InGaAs/GaAsSb SL on InP device (A1769)
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Figure 6.4.2 Spectral photoresponse of commercial device SMO5PD5A

6.5 Conclusion

This chapter systematically investigated the design, epitaxial growth, device fabrication, and
performance of InGaAs/GaAsSb T2SL-based nBp e-SWIR photodetectors on InP substrates.
High-resolution X-ray diffraction (HRXRD) scans and simulations confirmed the successful
molecular beam epitaxy (MBE) growth of the designed structure for sample A1769, exhibiting

high crystalline quality and abrupt superlattice interfaces.

|-V characterization of devices with a mesa diameter of 0.8 mm shows low leakage current
densities in the range of approximately 2—20 mA/cm? under a =2 V reverse bias. Temperature-
dependent |-V measurements indicate that the dark current decreases to less than 1078 A at
low temperatures. Spectral photoresponse measurements reveal that the A1769 device
exhibits a broad photoresponse spanning 600—2250 nm, with a cutoff wavelength of 2250 nm,
consistent with the photoluminescence emission wavelength of approximately 2200 nm. The
peak responsivity occurs in the wavelength range of 1000-1500 nm, confirming that the

absorbing layer is indeed the InGaAs/GaAsSb superlattice.

The photoresponse of the A1769 device was compared with a commercial SWIR photodetector
based on indium-rich InGaAs (Thorlabs SMO5PD5A, active area 0.5 mm?). The results indicate

that the T2SL device exhibits higher responsivity, highlighting its potential as a promising
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candidate for extended-wavelength infrared photodetection. In summary, the A1769 device
demonstrates low dark currents and strong spectral response, underscoring its potential

advantages for high-sensitivity e-SWIR detection applications.
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Chapter 7 Conclusion and future work

In this thesis, we systematically investigate the design, growth, structural characterization, and
performance of InGaAs/GaAsSb Type Il (T2SL) e-SWIR detectors on InP substrates. Through
MBE optimization, we successfully achieved lattice-matched epitaxy of InGaAs, GaAsSb, and
InGaAs/GaAsSb T2SL on InP substrates, with InGaAs/GaAsSb T2SL exhibiting the best lattice
matching and interface quality. PL tests show that T2SL exhibits stronger luminescence, longer
emission wavelengths, and better optical quality than AllnAsSb, making it suitable as an
absorber material. Based on this, we fabricated a T2SL light detector (A1769) with an nBp

structure, whose XRD results indicate abrupt interfaces and high crystalline quality.

Device testing shows that the detector exhibits a dark current density of only 2—20 mA/cm? at
—2 V reverse bias and can reduce the dark current to below 1078 A at low temperatures,
demonstrating excellent suppression of defect-related tunnelling current. Spectral response
measurements show that the device covers a wide spectral range of 600—2250 nm, with a cut-
off wavelength around 2250 nm, consistent with PL emission, and exhibits a strong peak
response in the 1000—1500 nm range. The A1769 demonstrates a broader response range and
higher response intensity compared to commercial indium-rich InGaAs devices, highlighting its

potential for high-sensitivity e-SWIR detection.

Although the design, growth, and implementation of the InGaAs/GaAsSb T2SL e-SWIR detector
have been successfully completed in this thesis, several directions remain for further
optimization. First, in device design, carrier collection efficiency can be enhanced and leakage
current further suppressed through optimization of the nBp structure. Second, while MBE has
produced lattice-matched, high-quality superlattices, there remains room to improve interface
sharpness and compositional uniformity, thereby enhancing device performance. Third, the
fabrication process can be further optimized, particularly in mesa definition and contact
metallization, to reduce device-to-device variability. In addition, surface passivation can further
suppress surface leakage, thereby reducing dark current. Finally, applying an optimized anti-
reflection coating on the device window can improve the coupling efficiency of incident light,
further enhancing the device’s photoresponse and quantum efficiency. These improvements

will lay the foundation for higher-performance and more competitive e-SWIR light detectors.
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9.Appendix

1. The procedure of using liquid helium

BEFORE EXPERIMENT

1.

Before using Helium: tell Harald 1 week before,

If you don’t: might maybe have helium maybe not

2.

3.

~

Close dewar valve and valve at the wall and detach the dewar from the return line.
Weigh dewar

Write down on list: name, number dewar, weigh before use, cost code

Bring dewar to your lab

In your lab: attach the dewar to the lab return line

Open the dewar valve and the lab return line

AFTER EXPERIMENT

Close dewar valve and the lab return line
Detach dewar from lab return line

Move dewar back to helium room(A512)
Weigh dewar

Write down on list: weigh after use, amount of Helium (L) : (weigh before-weigh after)
X8, date

Attach dewar to return line in A512

Open valve on dewar and valve at the wall of return line in A512
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2.Gas cylinder safety

Cylinder storage
Fixed to walls or work benches or support structures with chains or straps
Regulator change
1.Before the regulator change
A. Be clear which gas you use and at which pressure
B. Check the specification of the regulator
C. Check the replacement date of the regulator

D. Check the outlet on the cylinder and the connector of the regulator for apparent
damage

2.Regulator change: detach

3.Regulator change: attach (Don’t forget to spray the connection you just made with a leak
detector spray)
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3. Transfer liquid N2

The filling procedure:

1.

2.

8.

9.

open vent valve

close auto pressure build
connect the fill hose

open the fill valve

insert the auto cut-off probe
start the filling

manual filling stop
automatic filling stop

detaching the dewar

10. Record of usage
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4.The Procedure of X-Ray Scanning

1.

10.

Putting sample on the table, connect with power supply.

Changing voltage and current to forty and click “set”

” ”

Changing Psi-H to O degrees, Primar y Rotary Absc to 76.1, scan type to” z”, then, click

“start”. Find the middle of mill spindle and double click.

Change scan type to “Rocking curve” and change omega -2 to 2 and change total time by
changing the number in the middle. Click the “start”, click ‘commander ‘in the taskbar
above. And click ‘reference’, and click “apply’. Repeat the above two steps for at least three

times.

Changing the angle of ‘Omega H" and ‘Theta2-H’ to the corresponding materials which is
written in the wall. The scan type is Rocking Curve, and change the number of Omega in
the scan setup, change the number to two digits before and after the first data, and double

click the peak.

Changing the time again, such as: changing 0.01 to 0.001, makes the time reasonable, and

change ‘Primar RotarAbsc’ to ‘Auto’, then click ‘start’.

Changing scan type to Twotheta, change the Omega to two digits before and after the data
which makes the time reasonable, click the peak. Repeat the above two steps until the

number change becomes minimal.

Change the scan type to ‘Omega 2Theta’, from 30 to 33 (if OmegaH is 31), the time can be

600s, and change the ordinate from Y to logy.

Save to a file, select the third format, and write the sample name. Finally, change
correspondent numbers to 0 0 90 0 76.1, and click ‘3.45’, and finally change the voltage

and current to 20, 5, click 'set’.

Open model., write down the relevant models, the first one is InGaAs, the second one is
Inp, and all the dimensions should be written, with the content of 0.52. Open graph and
press to start building Action property transform, and keep pressing to change the value of

X, such as x-0.001, to match the highest peak.
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No. Structure T \ Ap FWHM Intensity
A1597 InGaAs on InP 8K 60mwW 1559.131 26.732 637.058
A1597 InGaAs on InP 8K 80mW 1557.348 29.367 867.847
A1597 InGaAs on InP 8K 100mW 1559.854 36.664 896.458
A1597 InGaAs on InP 8K 120mw 1558.868 32.464 1169.210
A1597 InGaAs on InP 8K 140mW 1559.297 32.462 1253.140
A1636 InGaAs on InP 8K 60mW 1545.558 30.787 421.526
A1636 InGaAs on InP 8K 80mW 1544.510 39.917 469.210
A1636 InGaAs on InP 8K 100mW 1543.637 35.678 610.355
A1636 InGaAs on InP 8K 120mwW 1544.150 36.300 703.815
A1636 InGaAs on InP 8K 140mWwW 1542.672 34.000 875.477
No. Structure T \ Ap FWHM Intensity
A1805 GaAsSbonInP | 8K 40mwW 1757.316 83.68138 83.68138
A1805 GaAsSbonInP | 8K 60mwW 1747.564 96.8447 1359.95
A1805 GaAsSbon InP | 8K 80mW 1740 45.42628 1651.77
A1805 GaAsSbonInP | 8K 100mwW 1758.095 83.09276 2033.25
A1805 GaAsSb on InP 8K 120mW 1757.456 73.95542 2477.66
A1805 GaAsSb on InP 8K 140mW 1750.621 87.52489 3122.34
No. Structure T Y Ap FWHM Intensity
A1840 AlinAsSb on GaSb 8K 80mW 2390.389 92.176 684.742
A1840 AllnAsSb on GaSb 8K 100mwW 2381.125 81.928 717.167
A1840 AlinAsSb on GaSb 8K 120mW 2403.909 146.221 597.004
A1840 AlinAsSb on GaSb 8K 140mW 2380.671 99.093 770.573
A1840 AlinAsSb on GaSb 10K 140mW 2379.149 124.173 919.346
A1840 AlinAsSb on GaSb 20K 140mW 2401.850 227.217 469.210
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No. Structure T V Ap FWHM Intensity
A1869 AllInAsSb on GaSb 8K 60mw 2399.537 44.674 513.081
A1869 AllnAsSb on GaSb 8K 80mW 2382.334 140.312 619.892
A1869 AllnAsSb on GaSb 8K 100mwW 2386.660 127.348 679.020
A1869 AllInAsSb on GaSb 8K 120mW 2383.061 110.395 589.374
A1869 AllnAsSb on GaSb 8K 140mW 2382.491 96.790 946.049
A1869 AllInAsSb on GaSb 10K 140mW 2383.114 112.129 1094.830
A1869 AllInAsSb on GaSb 20K 140mW 2387.167 107.956 717.167
A1869 AllnAsSb on GaSb 30K 140mW 2391.506 106.989 549.320

No. Structure T \% Ap FWHM Intensity
A1788 | InGaAs/GaAsSb SL on InP 8K 20mW | 2368.498 164.088 610.355
A1788 | InGaAs/GaAsSb SL on InP 8K 40mW | 2297.026 176.581 1312.264
A1788 | InGaAs/GaAsSb SL on InP 8K 60mW | 2257.412 195.146 1922.612
A1788 | InGaAs/GaAsSb SL on InP 8K 80mW | 2220.172 229.819 2624.531
A1788 | InGaAs/GaAsSb SL on InP 8K 100mW | 2193.003 256.989 3417.981
A1788 | InGaAs/GaAsSb SL on InP 8K 120mW | 2174.926 237.273 4333.532
A1788 | InGaAs/GaAsSb SL on InP 8K 140mW | 2157.691 251.592 5096.471
No. Structure T Y Ap FWHM Intensity
A1792 InGaAs/GaAsSb SLon InP | 8K 20mw 2342.721 150.1962 | 392.916
A1792 InGaAs/GaAsSb SLon InP | 8K 40mW 2272.661 177.5952 | 740.055
A1792 InGaAs/GaAsSb SLon InP | 8K 60mwW 2223.786 227.9147 1186.38
A1792 InGaAs/GaAsSb SLon InP | 8K 80mwW 2183.178 250.5623 1800.54
A1792 InGaAs/GaAsSb SLon InP | 8K 100mW | 2157.408 299.7296 | 3417.98
A1792 InGaAs/GaAsSb SLon InP | 8K 120mW | 2146.191 301.7229 | 4241.97
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A1792 INnGaAs/GaAsSb SLon InP | 8K 140mW | 2137.268 269.8936 | 5188.02
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2.1.1 Simplified band gap diagram of semiconductors
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5.2.1 Band diagram GaAsSb/InP bandgap alignment

5.2.2 PL for sample A1805 for GaAsSbh

5.3.1 PL for sample A1840 for AlInAsSb

5.3.2 PL for sample A1869 for AllnAsSb
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5.4.2 Power-dependent PL Intensity for A1788 (a) and A1792 (b)

5.5.1 PL for sample A1902 InGaAs/GaAsSb T2SL APD at varied laser excitation power and
5 K (a) (5K), and varied temperature of 5K to 200K with laser excitation power of
140 mW.

6.1.1 Schematic diagram of the T2SL nBp e-SWIR photodetector (sample A1769) (a) and
the bandgap diagram of the device (b)

6.2.1 X-ray of A1769

6.3.1 IV characteristic of T2SL nBp photodetector (A1769)

6.3.2 Temperature varied IV characteristics for T2SL nBp e-SWIR photodetector A1769
H.

6.4.1 Six samples of InGaAs/GaAsSb SL on InP device (A1769)

6.4.2 Spectral photoresponse of commercial device SMO5PD5A
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2.1.1 | Parameters of the major Ill-V semiconductor binaries

4.1.1 | X-ray diffraction parameters for the samples of InGaAs/InP
4.1.2 | Simulated composition, bandgap energy (0OK) and relevant a, B for Vashini equation
4.2.1 | X-ray diffraction parameters for the samples of GaAsSb/InP
4.2.2 | Simulated composition, bandgap energy (OK) and relevant a, B for Vashini equation
4.3.1 | X-ray diffraction parameters for the samples of AllnAsSb/InP
4.4.1 | Structural details determined from simulation

5.1. Summary of samples

5.1.1 | PL parameters for sample A1597, A1636 of InGaAs

5.2.1 | PL parameters of sample A1805 for GaAsSb

5.3.1 | PL parameters of sample A1805 for AliInAsSb

5.4.1 | PL parameters of sample A1788, A1792 for InGaAs/GaAsSb SL
5.6.1 | PL summary of samples

T2SL type Il InGaAs/GaAsSb superlattice

XRD X-ray diffraction

PL Photoluminescence

SWIR shortwave infrared band

e-SWIR extended shortwave infrared band

CBM conduction band minimum

As arsenic

Al aluminium

\Y Current-Voltage

LIA lock-in amplifier

DUT device under test

ICP inductive coupled plasma

Eg bandgap energy
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